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Water polluted by pharmaceuticals, metals, and phosphates can be hazardous to
both the environment and human health. The main aim of this study is to develop low
cost, green adsorbents for removal of these pollutants from aqueous solution as a low cost
alternative to activated carbon. Biochar was produced from the fast pyrolysis of Douglas
fir. Magnetic biochar was prepared by magnetite (Fe3O4) precipitation onto the biochar’s
surface from an aqueous Fe3+/Fe2+ solution upon NaOH treatment. Both Douglas fir and
magnetic Douglas fir biochars have high uptake and adsorption capacity.
Chapter I provides an overview of different biochar production techniques and
modification methods. Chapter II is a study of the aqueous adsorption of pharmaceutical
products, 4-nitroaniline (4NA), salicylic acid (SA), benzoic acid (BA) and phthalic acid
(PA) using Douglas fir and magnetic Douglas fir biochar. The surface chemistry and
composition of the magnetic biochar were examined by SEM, SEM-EDX, TEM, PZC,
XPS, XRD, elemental analysis, and surface area measurements. Chapter III describes the
removal of lead and cadmium using both magnetic and nonmagnetic Douglas fir biochar
and Chapter IV describes the removal of phosphate from waste water. In Chapter V, this
low cost adsorbent (magnetic Douglas fir biochar) was introduced into an undergraduate

laboratory to expose students to water quality issues and methods of contaminant removal
enhancing their understanding of these important environmental issues. This experiment
introduces new and interesting approaches to water purification as well as deepens the
student’s understanding of present environmental concerns regarding pharmaceutical
contaminants in wastewater.
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CHAPTER I
INTRODUCTION
1.1

Water pollution
A growing worldwide population results in greater stress on our water systems.

According to the Environmental Protection Agency, “Improving the security and
resilience of our Nation's drinking water and wastewater infrastructure is vital to ensure
the provision of clean and safe water to all in the United States” [1]. Access to clean
drinking water and water supplies is now listed as the “number one global risk” by the
World Bank as development and population densities impact clean water worldwide [2].
Contaminants of concern include disinfectants, micro-organisms, heavy metals,
pharmaceuticals, plant nutrients (phosphates and nitrates), and a variety of other
inorganic and organic compounds [3]. It is imperative that these contaminants be
removed before treated wastewater is returned to the environment due to environment
and health effect [1]. Current water treatment techniques include ion exchange [4, 5],
ultrafiltration [6], membrane purification [7, 8], chemical precipitation [9], adsorption
[10], electrochemical [11], coagulation [12], biological treatments [13] and adsorption
[14-17]. These techniques can be expensive and time consuming [2, 18].
1.2

Adsorption technology
Using carbon to treat water is not new; ancient people recognized the adsorbent

characteristics of carbon long ago. Carbon was used as a filtering agent by the Native
1

American Indians and as a purifying and medicinal agent by the Egyptians dating as far
back as 1500 BC [17]. Adsorption processes for water treatment are now employed
worldwide [19]. Among commonly used adsorbents, activated carbon is the most popular
because of its high surface area, thermal stability, porous structure, and wide pH
application range. Drawbacks of activated carbon include cost, availability and
difficulties due to its powdered form which is not easily separated from solution.
1.2.1

Activated carbon
There are two categories of commercially available activated carbons, powdered

activated carbon (PAC) and granular activated carbon (GAC). PAC’s have smaller
particle size (diameter < 0.22 mm) compared to GAC (diameter 0.22 to 5 mm) [20, 21].
Common feedstocks used for activated carbon are rice hulls, saw dust, nutshells, peat,
and coconut husks. Chemical and physical activation processes are carried out during
biomass processing to enhance adsorption properties [22].
In chemical activation, raw biomass is impregnated with acids, bases, or salts
such as phosphoric acid, sodium hydroxide, zinc chloride, and potassium hydroxides,
which is then carbonized at temperatures between 450 – 900 °C [22-24]. This process
requires less time and lower temperatures compared to physical activation [23, 24]. In
physical activation, raw materials are first carbonized by pyrolyzing at temperatures
ranging from 500 to 600 oC. Then these carbonized materials are exposed to an oxidizing
gas (air, steam, or carbon dioxide) at temperatures between 800 to 1000 oC [22, 25].

2

1.2.2

Biochar
Biochar is a general term that can be applied to a host of materials made under a

wide range of conditions. Lehmann and Joseph defined biochar as “a carbon (C)-rich
product when biomass (e.g. wood, manure, energy crops or leaves) is heated in a closed
container with little or no available air” [26]. Considerable attention toward biochar
research and development has led to the International Biochar Initiative (IBI), which
defines biochar as ‘‘a solid material obtained from the thermochemical conversion of
biomass in an oxygen-limited environment’’ [27]. The sum of extensive research now
confirms that biochar can be used for energy conversion, carbon sequestration, improving
soil fertility, and enhancing water quality via adsorption [26, 27]. Biochar is known to be
effective for absorbing both organic and inorganic pollutants from aqueous solution
including pharmaceuticals [2], pesticides [28], heavy metals [14-16], and dyes [29]
during water and wastewater purification.
1.2.2.1

Biochar production
The physical and chemical properties of biochar mainly depend on feedstock and

production methods. Production methods vary with reactor type, temperature, pressure,
residence time, and heating time.
Biochar is often produced as a byproduct during thermochemical conversion of
biomass to biofuel by fast pyrolysis to bio-oil and gasification to syngas (Figure 1.1),
torrefaction, hydrothermal carbonization, and flash carbonization [30-34].

3

The production and use of Douglas fir biochar
Waste Douglas fir is chipped and dried, the resulting biomass is gasified to produce biooil, bio-syn gas, and biochar which can be used for water purification and soil
amendment.
1.3

Thermochemical conversion*
Biomass can be converted to synthesis gas by gasification to or to raw bio-oil by

fast pyrolysis [34]. These processes also produce biochar. Catalytic upgrading of the
synthesis gas or bio-oil leads to transportation grade fuels. Gasification converts biomass
into synthesis gas, consisting of carbon monoxide and hydrogen [34]. Pyrolysis of
biomass produces raw bio-oil, which is an unstable complex mixture, consisting of
various organic and inorganic compounds, and water [34-36]. An advantage of both these
thermochemical approaches is that all of the biomass (cellulose, hemicelluloses, and
lignin) can be fed and consumed during conversion without isolating specific components

*

Sections 1.3, 1.3.1, 1.3. 2 taken from - R. Wijayapala, A.G. Karunanayake, D. Proctor, F. Yu, C.U. Pittman, T.E.
Mlsna, Hydrodeoxygenation (HDO) of Bio-oil Model Compounds with Synthesis Gas Using a Water–Gas Shift
Catalyst with a Mo/Co/K Catalyst, in: W.-Y. Chen, T. Suzuki, M. Lackner (Eds.) Handbook of Climate Change
Mitigation and Adaptation, Springer (2016)1-34.
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first [34]. A major disadvantage is significant loss of original calories present in the
biomass during conversion [34].
1.3.1

Pyrolysis of biomass
Biomass pyrolysis is the decomposition of biomass using elevated temperatures

while limiting oxygen. During this process gases, liquids, and solids (chars) are produced
[34, 36]. The composition of the products depends on the feedstock, residence time and
pyrolysis temperature [34]. Pyrolytic decomposition of hemicelluloses occurs between
250 and 400 °C, cellulose decomposes at a somewhat higher temperature of 310 to
430°C, while lignin decomposes at 300 to 530 °C [34, 37]. Dehydration of cellulose
begins around 300 °C and produces unsaturated polymers and char [34].
Depolymerization of cellulose to form smaller units begins at ~400 °C [34, 38]. At higher
temperatures, breaking of C-C and C-H bonds produces C2-4 oxygenates and gases (CO,
CO2, H2, and CH4) [34, 38].
Different pyrolysis modes result in different solid product compositions as
reported in Table 1.1. Commercial value exists in liquid [39], char [40], and gas products
[41], contributing to the importance of biomass pyrolysis [34]. Biomass pyrolysis
production methods continue to be extensively studied and optimized to increase the
value of each component [34].
Bio-oil yield under optimum fast pyrolysis conditions (typically between 425 ºC 500 ºC with a vapor residence time of 1 s) may reach 70-80 % of the biomass, with 20-25
% water [34, 41]. Slow pyrolysis (400 ºC with a residence time of ~8 min) [42] produces
more biochar and considerably increases the yield of water (up to 35-40 %) [34, 40].
Longer residence times of ~1 h [42] and lower temperatures of around 400 ºC reduce bio5

oil yields while increasing the yields of char to about 30 wt. % [34]. Higher temperatures
around 700 ºC at very high heating rates produces more gases (up to 80 wt. %) [34, 43].
Byproducts which are formed during the pyrolysis can influence the quality of the bio-oil
[34].
Table 1.1

Average solid product yield from different biomass processing methods
[31]

Process type

Temperature/°C

Residence
time

Torrefaction

~290

Slow pyrolysis

~400

Fast pyrolysis

~500

10-60 min
minutes to
days
~1s

Gasification
Hydrothermal
carbonization
Flash carbonization

~800

Solid product yield
on a dry wood
ref.
feed-stock basis (in
mass %)
61-84 %
[30, 44]
~30 %

[44, 45]

12-26 %

[44]

~10-20 s

~10 %

[44, 46]

~180-250

1-2 h

<66 %

[46]

~300-600

< 30 min

37 %

[33, 46]

Oxygenated compounds found in bio-oil derive their oxygen content from the
oxygen originally present in the cellulose, lignin and hemicellulose components of the
biomass. This is because the biomass is fed to the reactor either under nitrogen or through
a valve which seals the reactor from air [34]. The only oxygen gas that can be fed under
those conditions is with the air that enters with the biomass particles or pellets [34]. The
biomass fed to the reactor is 2000 or more times as dense as the air occupying the volume
between biomass particles [34]. Thus, even if 80 % of this volume is air (~20 % of this is
oxygen), the moles of oxygen in the feed is negligible versus what would be needed to
measurably influence the product distributions [34].
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1.3.2

Gasification of biomass
Gasification of biomass is performed under controlled amounts of oxygen and

steam at elevated temperature (500 °C – 800 °C) to produce primarily bio-syngas, bio-oil,
and bio-char [34, 41]. Adding steam generates the water gas shift reaction (Equation 1.1)
and steam reforming reaction (Equations 1.2 and 1.3) [34]. CO and hydrocarbons
produced during gasification can react with water to produce H2 [34]. The water gas shift
reaction converts carbon monoxide and water into carbon dioxide and hydrogen [34].
Hydrocarbons produced during the gasification process convert into in to CO and H2 via
equations 1.2 and 1.3 [34]. Small amounts of added oxygen can reduce coke formation by
combustion of the carbonaceous material to CO2 and other volatile chemicals [34, 47].
Steam can increase the H2 /CO ratio in the resulting synthesis gas [34, 47]. Syngas can be
used directly for power generation as a methane substitute or converted into fuel range
hydrocarbons by Fischer–Tropsch (FT) synthesis with appropriate catalysts [34, 47].
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Torrefaction
Torrefaction is a thermochemical treatment carried out under atmospheric

pressure in the absence of oxygen, at 200 to 320 °C [30]. In this process water and the
volatiles are released from biomass. Biopolymers like cellulose, lignin, and hemicellulose
partially decompose. The final yield is the torrefied biomass (solid, dry, blackened
material), or bio-coal [31].
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1.3.4

Hydrothermal carbonization
According to Libra et al. [46] the hydrothermal carbonization process is referred

to as “wet pyrolysis”. In this process biomass is surrounded by water to keep it in a liquid
media. The mixture is heated to a temperature range of 180 to 220 °C under elevated
pressure for several hours allowing the pressure to rise with the steam pressure (20 bar) in
(high)-pressure reactors [31, 48]. This technique produces gas, liquid, and solid products
[31].
1.3.5

Flash carbonization
This process mainly yields gases and solids with a reaction time of 30 min and a

reactor temperature between 300 to 600 °C. Below a packed bed of biomass, a flash fire
is ignited at elevated pressure (1-2 MPa) [31-33]. This fire moves upwards through the
carbonization bed against the downward flow of air added [31].
In biochar production processes, the yield of solid biochar produced from
hydrothermal carbonization, flash carbonization, torrefaction, and slow pyrolysis is
higher than fast pyrolysis and gasification. The summary of each production is shown in
Table 1.1 [31]. This dissertation is focused on the development of fast pyrolysis Douglas
fir biochar. Although fast pyrolysis produces low biochar yields compared to other
techniques, it has produced materials with higher surface area and higher pore volume,
which are responsible for the observed fast kinetics and higher adsorption capacities.
These features are advantageous when used for water remediation.

8

1.4

Biochar modification methods
Recent research has increasingly focused on modification of biochars to increase

remediation efficiency and surface properties. Modifications can be divided into
chemical, physical, impregnation with mineral oxides, and magnetic modification [49]. In
chemical modifications, carbonization and activation processes can be achieved in one or
two steps.
1.4.1
1.4.1.1

Chemical modification of biochar
Acid/base methods
Acidic treatments can be used to introduce functional groups like carboxylic acids

and alcohols to a biochar surface. This can enhance metal ion adsorption through cation
exchange [49]. Common acids use for this purpose are phosphoric (H3PO4), nitric
(HNO3), hydrochloric (HCl), and sulfuric (H2SO4) acids [50]. Basic treatment increases
oxygen content and surface basicity. Potassium hydroxides (KOH) and sodium
hydroxides (NaOH) are most often used for basic treatments [49].
1.4.1.2

Amination
Binding chitosan to the surface of biochar is an environmentally friendly route to

introduce amine functional groups [51]. The amine group in the chitosan makes strong
chemical bonds with metal ions enhancing adsorption [51].
1.4.1.3

Use of organic solvents
Methanol modification leads to esterification [52]. This treatment increases

surface esters and hydroxyl groups leading to higher adsorption capacities for organic
contaminants [52].
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1.4.2

Physical modification
Physical modifications are less effective than chemical modification, but are

simpler and less expensive. Costly chemicals are not used in this process. Only steam, air
or oxidizing agents like carbon dioxides are used in physical modifications of biochar
[49].
1.4.2.1

Steam activation
In steam activation, pyrolysis occurs at moderate temperatures between 400-800

°C in an oxygen free environment. Partial gasification with steam produces activated
biochar with higher surface areas, higher pore volume, and improved carbonaceous
structure resulting in biochar with enhanced organic and inorganic compound sorption
capacity [49, 53, 54].
1.4.2.2

Gas purging
Xiong et al., heated cotton stalk biochar from 500-900 °C in a quartz reactor first

with N2 purging and then with CO2 or NH3 [55]. This enhanced the micropore structure
of the biochar, resulting in an increase in surface area and pore volume leading to better
adsorption properties [55].
1.4.3

Impregnation with mineral oxides
Several studies have focused on biochar preparation by impregnation with

minerals such as kaolinite, gibbsite, and montmorillonite [7, 49, 56]. Biochar-clay
composites are synthesized by mixing clay with biomass followed by pyrolysis in a N2
environment for 1 h near 600 °C [49]. Porous biochar holds clay particles well and
introducing clay into the biochar increases the cation exchange capacity [49].
10

1.4.4

Magnetic modification
Powder biochar can be difficult to separate from aqueous solutions. Several

research studies have focused on magnetization of biochar to avoid this issue [1, 14, 5759]. Magnetic biochar can be easily separated using a magnetic field to remove
contaminants from water. Magnetic separation avoids more time-consuming steps like
centrifugation and filtration. Furthermore, the biochar surface is typically negatively
charged at natural water pH and this repels negatively charge contaminants. After
magnetization, the adsorption capacity of negatively charged contaminants can increase
[49]. Typically, magnetic biochar is prepared by precipitation onto the biochar’s surface
from an aqueous Fe3+/Fe2+ solution upon NaOH treatment [57].
1.5

Biochar adsorption mechanisms
Removal efficiency of contaminates such as metals, organic contaminant, and

other contaminant are related to the mechanism of adsorption. This process is affected by
factors like surface area, mineral content, surface functional groups, and pore structure
[60].
1.5.1

Metal adsorption mechanisms
Biochar surfaces contain functional groups like carboxylic acid and alcohol

groups. These groups can interact with metal ions using electrostatic interactions, surface
complexation, and ion exchange [61, 62]. Mineral components of biochar like CO32-,
PO43- add extra surface adsorption sites and can form metal phosphate and metal
carbonate precipitates, which lead to higher adsorption capacities [63]. Elements like K+,
Na+, Ca2+, and Mg2+ in biochar are responsible for metal ion exchange, which also
11

enhance the adsorption capacity [64]. Surface area and porous structure are also
important features. Biochars with fast kinetics and high capacities allow easy access to
metal ions. According to Ding et al., for metal adsorption, the key factor is the oxygen
containing functional groups; the surface area and porous structure are less important in
metal ion adsorption [60, 65].
1.5.2

Organic contaminants adsorption mechanisms
Major interactions related to organic contaminants are electrostatic attraction,

hydrogen bonding, pore filling and hydrophobic effects. Functional groups in biochar
(carboxylic acid and hydroxyl groups) can interact with organic contaminants using
hydrogen bonding and electrostatic interactions [60]. According to Han et al. and Zhu et
al., pore filling is another key consideration for adsorption of organic contaminants; they
showed that adsorption of organic materials is proportional to the micropore surface area
[66, 67].
1.6

Dissertation objectives
The aim of this work is an increase in understanding of the properties of the

Douglas fir biochar. This included the development of low cost magnetic biochar for
removal of selected pharmaceuticals, metals, and phosphate from aqueous solution under
different experimental conditions. In addition, this material was introduced into an
undergraduate laboratory to expose students to water quality issues and methods of
contaminant removal to enhance their understanding of important environmental issues.
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CHAPTER II
RAPID REMOVAL OF SALICYLIC ACID, 4-NITROANILINE, BENZOIC ACID
AND PHTHALIC ACID FROM WASTEWATER USING MAGNETIZED FAST
PYROLYSIS BIOCHAR FROM WASTE DOUGLAS FIR
(Published in Chem. Eng. J. 2017, 319, 75-88)
2.1

Abstract
Biochar was produced from the fast pyrolysis of Douglas fir (DFBC). Magnetic

biochar (MDFBC) was prepared by magnetite (Fe3O4) precipitation onto the biochar’s
surface from an aqueous Fe3+/Fe2+ solution upon NaOH treatment. The resulting MDFBC
was used to remove 4-nitroaniline (4NA), salicylic acid (SA), benzoic acid (BA) and
phthalic acid (PA) from water. The surface chemistry and composition of the MDFBC
were examined by SEM, SEM-EDX, TEM, PZC, XPS, XRD, elemental analysis, and
surface area measurements. Batch sorption studies were carried out from pH 2 to 10 and
adsorbate concentrations from 25 to 500 mg/L at 15, 25, 35 and 45 °C. MDFBC
suspensions in the contaminated solutions were vortexed for two min and then
magnetically removed. Remediated solutions were then analyzed using UV-Visible
spectroscopy. The amounts of 4NA, SA, BA and PA adsorbed onto MDFBC was higher
at low pH values and decreased with increasing pH. MDFBC sorption at 15, 25, 35 and
45 °C was evaluated using the Langmuir, Freundlich, Sips, Redlich–Peterson, and Toth
adsorption isotherm models. Langmuir adsorption capacities at pH 5 and 45 °C for 4NA,
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SA, BA and PA were 114, 109, 90 and 86 mg/g, respectively. Thrice recycled MDFBC
using extraction with methanol (5 × 10 mL) and water (10 mL) had 90 % of the original
adsorption capacities for 4NA, SA, BA and PA, respectively. The adsorption kinetics of
MDFBC and DFBC were far faster than four other biochars (mixed feed, magnetized
mixed feed, pinewood and magnetized switchgrass) and also faster than a commercial
activated carbon. Equilibrium for MDFBC and its DFBC precursor was reached within 2
min, while the other biochars took between 8 and 20 h. The fast adsorption kinetics and
high adsorption capacities of MDFBC could be advantageously employed in filtration
devices, columns, or as shown here, in batch operations with stirring to speed adsorption,
followed by magnetic separation of the adsorbent for regeneration.
2.2

Introduction
Pollution of wastewater by pharmaceuticals and their byproducts is a growing

environmental concern [1-6]. These compounds can be a risk to the environment as well
as to human health [3, 7, 8]. Salicylic acid (SA), 4-nitroaniline (4NA), benzoic acid (BA)
and phthalic acid (PA) are four examples (Figure 2.1) of pharmaceutical products or
intermediates that find their way into the environment through industrial and municipal
wastewater. Salicylic acid (SA) is an active metabolite that is produced from the
deacetylation of acetylsalicylic acid (aspirin). Concentrations of salicylic acid have been
measured in effluent as high as 54 μg/L [7]. The main target of salicylic acid toxicity is
the gastrointestinal tract [3] however, xenoestrogenic effects have also been observed [7].
4-Nitroaniline (4NA) is a synthetic precursor to several pharmaceuticals, dyes and
pesticides [9]. 4NA is a known acute oral, dermal, and inhalation toxin that targets organs
[9]. It is a potential teratogen and reproductive toxin, as shown in several animal model
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studies [10, 11]. 4-Nitroaniline has been detected in the environment in levels up to 1
μg/L and in industrial effluent in levels as high as 270 μg/L in the Netherlands [12].
Benzoic acid (BA) is a constituent of fungicidal ointments for treating tinea, ringworm,
and athlete's foot [13]. It is also an intermediate in the synthesis of many organic
chemicals, and it is a commonly used preservative in food and personal care products
[14]. Benzoic acid can cause pseudo-allergic responses [15]. It is released into the
environment through industrial runoff from plants using it as a synthetic intermediate and
from its extensive use as a preservative [16, 17]. Levels of benzoic acid in groundwater
samples from Florida (near a wood treatment facility) have been measured up to 27.5
mg/L [18].
Phthalic acid (PA) has antiviral activity [19]. It is used in building materials,
medical equipment, and in personal care products [20]. Measured levels of phthalic acid
in water sources have ranged from 3-70 μg/L [21]. Phthalic acid can affect the sperm
motility of male humans [22].

Structures of Salicylic acid, SA, 4-Nitroaniline, 4NA, Benzoic acid, BA,
and Phthalic acid, PA
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SA, 4NA, BA, and PA are introduced into the environment either directly in
effluent wastes and improper disposal, or indirectly, as metabolites or degradation
products of other chemicals [1]. Methods currently used to remove contaminants
including membrane purification [23], advanced oxidation processes [23], biological
treatments [24], coagulation and flocculation [23], and ion-exchange technologies [25]
add expense to water treatment [1, 7], Adsorption onto biochar is potentially less
expensive. Typically, adsorbents are used in columns through which the contaminated
water flows. A novel adsorption method for wastewater remediation is the use of
magnetic biochar, which can be used in stirred tanks and removed with a magnet. Biochar
is environmentally-friendly and cheap relative to activated carbon [26]. Thermal
processing of biomass (gasification or pyrolysis) produces biochar as a secondary
material [27]. Magnetic biochar can be easily separated using a magnet after removing
contaminants from water (Figure A.1). Magnetic separation avoids more time-consuming
steps like centrifugation and filtration. As adsorbent particle size decreases, filtration or
flow through columns becomes very slow. Thus, magnetic separation could allow
practical use of small particle size adsorbents which have high surface areas and faster
kinetics.
Magnetic Douglas fir biochar (MDFBC) was prepared by Fe3O4 precipitation
from an aqueous Fe3+/Fe2+ solution upon NaOH treatment, depositing onto the surface of
“Biochar Supreme” a commercial product [28]. This study reports the adsorption
behavior of 4NA, SA, BA and PA at different concentrations, temperatures and pH
values. Uptake rate is compared with two commercially available biochars (C1BC,
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MC2BC), two in house biochars (pinewood (PWBC) and magnetized switchgrass
(MSGBC)) and activated carbon (AC).
2.3

Experimental

2.3.1

Reagents and equipment
All chemicals were either AR or GR-grades. Chemicals were purchased from

Sigma-Aldrich (St. Louis, MO) unless otherwise specified. Stock solutions (500 mg/L)
were made by dissolving SA, 4NA, BA and PA in de-ionized water prepared in a
Millipore-Q water system. Values of pKa and solubility for the purchased adsorbates are
shown in Table 2.1. The pH of water, in which MDFBC was suspended, was adjusted
using either 0.1 M HCl or 0.1 M NaOH, and pH measurements were carried out using a
pH meter (Hanna instrument HI 2211 pH/ORP meter). The solution concentrations of
these adsorbates were determined using a double beam UV-Visible spectrophotometer
(A10844638101 CS). Adsorption studies were carried out inside a static water bath
(BUCHI 461) and a vortex mixer (Scientific Industries, T3-1280) was used to stir the
samples.
Table 2.1

pKa values and water solubilities for the adsorbates at 25 °C

Dissociation constant
Solubility (mg/L)
Salicylic acid 2.98 (pKa1), 13.60 (pKa2)
2240
4-Nitroaniline 12.99 (pKb) or 1.01 (pKa of conjugate acid)
724
Benzoic acid 4.19 (pKa)
3400
Phthalic acid 2.76 (pKa1), 4.92 (pKa2)
7010
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2.3.2

Biochar
Biochar (supplied by Biochar Supreme, Everson, WA) was produced as a by-

product from the gasification of timber industry waste wood (Douglas fir). This biochar is
designated as DFBC (Douglas fir biochar) in this manuscript. Auger fed, chipped
(approximately 3 inches) green Douglas fir wood was introduced into an air-fed updraft
gasifier at 900 – 1000 ºC with a residence time of about 1 s. Large biochar particles (~ 2
cm) were collected and thoroughly washed several times with water to remove fine
particulates, salts, other impurities, and water soluble organic residuals. Then the
particles were dried at room temperature. The biochar was ground, sieved to a particle
size range of 0.1-0.6 mm and stored in closed vessels until needed.
2.3.3

Preparation of magnetic biochar
Magnetic biochar from Douglas fir (MDFBC) was prepared from DFBC

according to the method described by Mohan et al. [29] and Karunanayake et al. [28].
DFBC (50 g) was suspended in distilled water (500 mL). A ferric chloride solution was
freshly prepared by adding 18 g (110.97 mmol) FeCl3 to distilled water (1300 mL)
followed by adding for approximately 5 min at room temperature. A FeSO4•7H2O
solution was prepared by stirring 36.6 g (131.64 mmol) of this salt into 150 mL distilled
water and then stirring for 5 min at room temperature. The FeSO4•7H2O solution was
poured into the FeCl3 solution and then vigorously stirred (200 rpm) at 60–70 °C for 5
min. The combined Fe2+/Fe3+ solution (1450 mL) was then slowly poured into the
aqueous (500 mL) suspension of biochar (Douglas fir) at room temperature and slowly
stirred (50 rpm) for 30 min. Then ~30 mL of 10 M NaOH (aqueous) was added dropwise over (~1 h) using a disposable pipette into the biochar/ Fe2+/Fe3+ suspension until a
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pH of  10-11 was achieved. During NaOH addition, the suspension became dark brown
at pH  6 and then black at pH  10. After mixing for 1 h, the suspension was aged at
room temperature for 24 h, during which time precipitation was completed. The resulting
Fe3O4-magnetized Douglas fir (MDFBC) was filtered and then repeatedly washed with
distilled water, followed by three ethanol washes. These washings plus the stirred
exposure of the DFBC to 10 M aqueous NaOH during the Fe3O4 formation/precipitation
step will further remove any remaining carboxylic acid, phenolic, and other acidic
organic residuals from the biochar which remain from the original pyrolytic procedure.
This MDFBC was then vacuum-filtered and dried overnight at 50 °C in a hot air oven.
This MDFBC was stored in plastic containers until its use.
MDFBC absorption kinetics were compared with two commercially available
biochars (designated as C1BC and MC2BC herein), two in-house biochars (pinewood,
PWBC and magnetic switchgrass, MSGBC) and with activated carbon (AC) (Acros
Organics-(7440-44-0)). C1BC is a biochar derived from a mixture of wood chips, green
waste, rice hull, corn cob, nut shells and husks, cotton gin trash, and pomace. This was
pyrolyzed at 600-700 °C for 90 s. The second commercially available biochar is also
made from a feedstock mixture, mainly from pine wood, and produced via slow pyrolysis
at 550-600 °C for 8 to 10 h. Among the two commercially available biochars, only the
second one was subsequently magnetized according to the magnetic precipitation method
described above. It was designated MC2BC.
Two in-house produced biochars were also used, derived from pinewood and
switchgrass. Both pinewood and switchgrass biochars were byproducts of bio-oil
production from fast pyrolysis of the pine wood chips and dry ground switchgrass,
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respectively. The pinewood biochar was made according to the method described by
Essandoh et al. [7], and the switchgrass biochar was made according to Pittman et al.
[30]. Both pyrolyses were performed in an auger-fed reactor with a preheat zone and then
a subsequent 20-30 s flow through the hot, 425 °C, zone using a pelletized biomass feed
rate of 1-2.5 kg/h [7]. The switchgrass biochar was magnetized as described above. The
pinewood biochar was used as made. Pinewood biochar was named PWBC and
magnetized switchgrass biochar is labeled MSGBC hereafter. A summary of the
adsorbents and their abbreviations is in Table 2.2.
Table 2.2

Summary of the different adsorbents

Designation of adsorbent Description
DFBC
Douglas fir biochar (supplied by Biochar Supreme)
MDFBC
Magnetic Douglas fir biochar (supplied by Biochar
Supreme and magnetized at MSU)
C1BC
Made from mixture of wood chips, green waste, rice hull,
corn cob, nut shells and husks, cotton gin trash and
pomace (purchased from a commercial source)
MC2BC
Mixture of different feedstocks mainly made of
pinewood. (purchased from a commercial source and
magnetized at MSU)
PWBC
Pinewood biochar (prepared at MSU)
MSGBC
Magnetic switchgrass biochar (prepared at MSU)
AC
Activated carbon (Acros Organics-(7440-44-0))
2.3.4
2.3.4.1

Char characterization
Point of zero charge (PZC) measurements
The point of zero charge (PZC) of both DFBC and MDFBC was determined using

a 0.01 M NaCl aqueous solution with pH values ranging from 2 to 10 at pH intervals of 2.
The pH was adjusted using either 0.1 M NaOH or 0.1 M HCl solutions. The solutions (25
mL) were brought into contact with 0.05 g of adsorbent and the system was vortexed for
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2 min. After removal of biochar using a magnet, the pH of the supernatant was measured
using an ORION model 210 pH meter. The PZC was obtained by plotting pH of the
initial solution against pH of the final solution.
2.3.4.2

Scanning electron microscopy (SEM) and energy dispersive analysis by
X-ray (EDX)
Surface morphologies of each of the seven adsorbents were examined using a

JEOL JSM-6500F FE-SEM at 5 kV. The samples were coated on a carbon stub attached
to carbon tape, which then was mounted into a sample holder for SEM/EDX analysis.
EDX were carried out using a Zeiss, EVO 40 scanning electron microscope containing a
BRUKER EDX system.
2.3.4.3

Transmission electron microscopy (TEM) and Energy-dispersive X-ray
spectroscopy (EDS)
TEM studies of all seven adsorbents were examined using a JEOL model 2100

TEM electron microscope operated at 200 kV. TEM samples were prepared by mixing
~10 mg of char with ~0.5 mL ethanol and sonicating of the suspension for about 2 min. A
drop of this suspension was then deposited onto a carbon film on a 300 mesh copper grid
and allowed to stand overnight prior to TEM/EDS analysis. EDS were carried out using
an Oxford X-max-80 detector.
2.3.4.4

X-ray photoelectron spectroscopy (XPS) and X-ray powder diffraction
(XRD)
The surface elemental composition of MDFBC was also analyzed by X-ray

photoelectron spectroscopy (XPS) (Thermo Scientific K-Alpha XPS system equipped
with a monochromatic X-ray source). An Al X-ray source was used with a 200 eV pass
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energy between 0 and 1400 eV binding energies. High-energy resolution scans of Fe2p
and C1s peaks were obtained with a pass energy of 40 eV in the 705–734 eV and 281–
293 eV binding energy ranges, respectively. X-ray diffraction (XRD) patterns for
MDFBC were obtained from Rigaku Ultima III (Jade 2010 software with PDF 2
database) using Cu-K D (λ =1.54 Å) radiation at 45 kV and 40 mA. The samples were
scanned from 10 to 90° with the scan speed of 1° min-1.
2.3.4.5

Surface area measurements and elemental analysis
The surface areas of six adsorbents were examined using a N2 BET,

Micromeritics Tristar II Plus surface area analyzer. The adsorption data was used to
determine N2 adsorption isotherms (273 K), which were analyzed by applying the
Dubinin-Astakhov equation [31] for micropore volume. Ash analysis was done by
weighing the mass of ash produced after incinerating 1 g of the biochar samples in a
muffle furnace at a 650 °C for 15 h. The wt % of iron of each biochar was determined
using atomic absorption spectroscopy AAS (Shimadzu AA-7000) using an iron solution
standard (Sigma-Aldrich). A complete acid digestion was performed on 0.1 g of biochar
using 50.0 mL of 1:1 95 % H2SO4 /70 % HNO3. Iron was dissolved from the biochar into
the acid for 24 h with stirring and was then diluted 5 fold with deionized water prior to
AAS analysis.
2.3.5

Sorption studies
Batch sorption studies for MDFBC were conducted by varying analyte (SA, 4NA,

BA, and PA) concentrations from 25 – 500 mg/L at different temperatures (15, 35, 25 and
45 °C) using de-ionized water from a Millipore-Q water system at pH 5. A known
28

amount of MDFBC was added to 40 mL amber glass vial each containing 25 mL
adsorbate solutions of at different concentrations. These were vortexed between 1 and 5
min. Equilibrium was achieved within only 2 min for both DFBC and MDFBC. These
equilibria were reached far faster than with the other four biochars. No further uptake
occurred between 2 to 5 min. Magnetic biochar was then magnetically removed (Figure
A.1), and the adsorbate concentrations remaining in the filtrate were determined using
UV-Visible spectroscopy at their λmax wavelengths of 298 nm (SA), 378 nm (4NA), 228
nm (BA) and 280 nm (PA). The amount of adsorbents removed per gram of char (qe) was
calculated using following equation (Equation 2.1),
ୣ ൌ  ሺిబషిሻ

2.1

Here, Co and Ce are initial and equilibrium analyte concentrations in the solution (mg/L),
V is the solution volume (L), and M is the total mass of adsorbent added (g).
The uptake rates of DFBC, MDFBC, C1BC, MC2BC, PWBC, MSGBC, and AC
during adsorption of 4NA, SA, BA, and PA were determined out at pH 5 and 25 °C
between 1 min and 24 h. The SA, 4NA, and BA concentrations used were 25 mg/L, and
the PA concentration was 100 mg/L. The total solution volume was 25 mL, and the mass
of each adsorbent used was 0.01 g in these experiments. No leaching of iron was
observed by atomic adsorption analysis in any of these experiments using these
conditions. All the experiments were carried out three times and the standard deviation
error bars in graphs are due to 3 replicates.
2.3.6

Regeneration procedure
Stripping to regenerate the adsorbent was only studied for MDFBC. Solutions (50

mL) containing 250 mg/L of the adsorbate were equilibrated with 5 g/L MDFBC at pH 5
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and 25 °C. Desorption of each organic contaminant was studied individually. Desorptions
from MDFBC were carried out by stirring the contaminated MDFBC (0.25 g) with a total
50 mL methanol (5 × 10 mL for 10 min) followed by stirring with water (10 mL) for 10
min. Filtrates were analyzed by UV-Vis spectrometry in order to quantify the adsorbate
in the filtrate. The MDFBC was recycled three times. The same desorption procedure was
tested with 50 mL of 0.1 M NaOH in place of methanol to compare with the efficiency of
methanol as the stripping agent.
2.4
2.4.1

Results and discussion
Characterization of magnetic biochar
The point of zero charge (PZC) is the pH where the net charge of the biochar

surface is zero. Below this pH, the surface is positively charged, and above this pH, the
surface is negatively charged. The point of zero charge for MDFBC was ~6.25 and
DFBC was ~9.25. Feed stock, mineral content and production method all contribute to a
resulting biochars PZC value. High production temperatures often result in biochars with
higher PZC [32]. When Douglas fir is heated to 900 – 1000 ºC decarboxylation might
occur resulting in a less acidic surface with fewer carboxylic acid functional groups than
biochars produced at lower temperatures. High production temperatures can also increase
the amounts of calcium and magnesium carbonates formed from their salts present in the
original wood [33]. Also, carboxyl functions remaining in the biochar can be converted to
insoluble Ca2+ and Mg2+ salts on pore surfaces (DFBC is 2.6 wt % CaCO3 by the ASTM
D 4373 Standard Method). This combination of reduced carboxylic acid groups and
increased metal carbonate content may account for the unusually high PZC for DFBC.
According to SEM-EDX analysis (Table 2.3) DFBC has the lowest oxygen percentage
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compared to all other six adsorbents. Following magnetization by Fe3O4 precipitation on
DFBC, the resulting MDFBC surface becomes less basic and the PZC drops to ~6.25.
The precipitated iron oxides have surfaces covered with Fe-OH groups which contribute
to the lowering of the PZC. This is still considerably more basic than fast pyrolysis
biochars made from 400 – 500 ºC.
SEM images of the Biochar Supreme (DFBC) and MDFBC are shown in Figure
2.2 (SEM images of C1BC, MMDFBC, PWBC, MSGBC and AC are shown in
supporting information Figure A.2). The wood cell morphology present in the Douglas fir
chips is still clearly observed in Figure 2.2 (A-C) for the DFBC. Also, these chars have a
macroporous surface texture with small canals. MDFBC micrographs, Figure 2.2 (D-E),
show morphological changes due to magnetite precipitation in the original DFBC’s large
macropores. These can be seen as very small particles widely distributed and also
aggregated in some locations. During magnetite formation, some biochar pores could
have been blocked or partially blocked by magnetite particles forming in the char (Figure
2.2 D).
A detailed SEM-EDX analyses of DFBC and MDFBC is found in the Appendix
A, in Figure A.3. Intense EDX iron peaks were present for MDFBC compared to DFBC,
confirming the presence of abundant iron in MDFBC. These EDX iron peaks result from
magnetite precipitation on the MDFBC during the Fe3+/Fe2+/NaOH treatment. Table 2.3
summarizes the weight percentage of different elements present on MDFBC and the other
adsorbents from EDX analyses. Only traces of iron were present on the DFBC (0.1 %)
versus 24.4 % on MDFBC (Table 2.3). This is a surface-biased measurement with a
limited penetration depth (biochar ~2 μm, iron oxide ~300 nm) and spot size diameter (~
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1 nm). EDX analysis is normally used for qualitative surface analysis, while AAS is
employed for quantitative bulk analysis. Unlike AAS analyses, SEM-EDX spectra can be
affected by the selected point locations on the sample and EDX cannot detect very light
elements (H, He, and Li).
TEM-EDS maps also show only traces of iron present on the DFBC versus
abundant iron present on MDFBC (Figure 2.3). The TEM-EDS image of MDFBC
(Figure 2.3 (B)) clearly shows the overlapping distribution of iron and oxygen,
supporting the existence of iron as an iron oxide. TEM images for C1BC, MC2BC,
PWBC, MSGBC and AC are shown in Figure A.4.
XPS analysis of the MDFBC exhibited peaks at binding energies of 710.8 eV for
Fe2p3/2 and 724.2 eV for Fe2p1/2 (Figure A.5). These values are close to reported values
for Fe3+ from previous studies, and are consistent with the assignment that the iron
particles on the biochar surface exist as Fe3O4 [24, 34]. The XRD spectrum for MDFBC
is given in the Figure A.6 and proves that the iron oxide present is primarily Fe3O4. The
major peak at 35.45° is for a crystalline plane with Miller indices of (311) [35]. Other
peaks at 30.10° (220), 43.08° (400), 53.45° (422), 56.98° (511), 62.57° (440), and 74.02°
(444) all match the standard diffraction pattern of Fe3O4 [24, 35-37]. Minor peaks at
24.32° (012), 33.3° (104), and 49.44° (024) also match the standard diffraction pattern of
Fe2O3 [24, 38].
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(A), (B), and (C) are the SEM images (different magnifications) of DFBC
and (D), (E), and (F) show the SEM images of MDFBC
Morphological changes due to iron oxide precipitation onto the char are clearly observed
in images D, E and F.
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Table 2.3
Elements
Carbon
Oxygen
Potassium
Calcium
Iron
Phosphorus

Elemental weight percentages from SEM-EDX analyses of the adsorbents
DFBC MDFBC C1BC
wt. %
wt. %
wt. %
91.0
7.8
0.6
0.5
0.1
0.0

56.2
18.2
0.0
0.2
24.4
0.0

74.2
17.1
0.9
1.1
0.0
0.2

MC2BC PWBC
wt. %
wt. %
39.6
18.0
0.0
0.1
42.2
0.0

82.6
13.3
0.2
0.3
0.0
0.0

MSGBC
wt. %

AC
wt. %

36.3
21.8
0.3
0.2
40.7
0.1

85.4
9.8
1.1
0.7
0.0
0.0

The steps leading to magnetization of biochar upon adding NaOH to the Fe3+/Fe2+
solution are given in equations 2.1 – 2.4 [29, 39]. Both Fe3O4 and Fe2O3 formation are
shown. Surface transformations as iron oxides form on biochar have been followed by
XPS and XRD analysis [34]. When the pH rises due to the dropwise addition of NaOH,
first Fe(OH)3 and then Fe(OH)2 precipitate onto the biochar surface based on their
relative solubility product constants (~10-36 for Fe(OH)3 versus ~10-14 to 10-17 for
Fe(OH)2). Fe(OH)2 can be oxidized to Fe(OH)3 by dissolved oxygen (Equation 2.2).
Mixed iron oxide/hydroxide (Fe(O)OH) (Equation 2.3) and magnetite (Fe3O4) (Equation
2.4) form. Finally, some Fe2O3 can be formed during oven drying at 50°C (Equation 2.5).
According to Mohan et al. [39], the char surface also facilitates nucleation of iron oxide
precipitation. Biochar surfaces contain -COOH and -OH groups. These form -O-Fe bonds
between the surface and both iron hydroxides and iron oxides. Also, these can be -OFe2O3 or -O-Fe3O4 with the O coming from OH or COOH groups in the biochar surface
[29, 39]. H-bonding and Columbic interactions further enhance iron oxide to biochar
adhesion.
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Surface area, ash content, and iron weight percent (from AAS) of adsorbent

Surface
Pore
Pore size
Fe
Ash
area
volume
(%wt)
adsorbent
(m2/g)
(cm3/g)
(Å)
(%wt)
13.65
ND
2.5
DFBC
745.3
0.258
13.57
16.4
29.9a
MDFBC
458.7
0.158
C1BC
332.1
0.111
13.05
ND
3.6
MC2BC
40.3
0.011
9.88
13.9
20.9a
PWBC
0.223
0.000
9.74
ND
1.3
MSGBC
19.1
0.006
12.25
14.0
36.3a,b
AC
754.7
0.251
13.18
ND
5.6
a
ND - not detected. These ash contents are large because they included the iron oxides
precipitated on the biochar particles. b In addition to precipitated iron oxides, the switch
grass contains substantial amounts of silica which ends up in the ash.
Name of the

Table 2.4 shows the weight percentage iron present in each adsorbent, quantified
using AAS after digestion. The high iron content in magnetized adsorbents contributes to
the larger ash content found in the magnetized absorbents. The surface area of DFBC and
MDFBC are remarkably high for fast pyrolysis chars or, indeed, for any biochar, at 745.3
and 458.7 m2/g, respectively. The unique production process generates this large surface
area, larger pore sizes and pore volumes. Micropore volumes for DFBC and MDFBC are
0.258 cm3/g and 0.158 cm3/g, respectively. The DFBC pore volume is far higher than the
commercial or in-house produced biochars. This indicates that the density of the DFBC
particles is very low, consistent with easy access of water and adsorbates to the internal
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region of this high surface area adsorbent. This observation is consistent with the very
rapid adsorption of 4NA, SA, BA, and PA and the short equilibration times exhibits by
DFBC and MDFBC.
The surface area decreased from 745.3 m2/g in the starting DFBC char to 458.7
m2/g in the MDFBC. A decrease in surface area due to magnetization was reported earlier
[29, 39]. This occurs in part because the magnetized biochar has less (high surface area)
carbon (eg. biochar) present per unit weight than the starting (DFBC) biochar due to the
added presence of iron oxide. The 16.43 wt % Fe in MDFBC can be present both as
Fe3O4 and Fe2O3, which means the total wt % of MDFBC due to iron oxides is near 23
wt %. Thus, the amount of biochar from DFBC that is present in MDFBC is
approximately 77 wt %. Using those wt % values, the surface area present in biochar
portion of the MDFBC would be about 570 m2 per g of the char portion versus DFBC’s
measured value of 745.3 m2/g. This 570 m2/g value is higher than the experimental value
(458.7 m2/g of MDFBC), but it still clearly shows that the precipitated iron oxides in
MDFBC are blocking some of the original DFBC surface.
2.4.2

Effect of solution pH and the mechanism of adsorption onto MDFBC
The effect of solution pH on adsorption of 4NA, SA, BA and PA by MDFBC at

25°C was studied using MDFBC doses of 2 g/L for SA, BA, and PA sorption and 0.2 g/L
of MDFBC for 4NA removal (Figure 2.4). The solution SA, BA, and 4NA concentrations
were 25 mg/L, and the PA concentration was 100 mg/L. The amount of the three
carboxylic acid adsorbates, SA, BA, and PA, removed was higher under more acidic pH
conditions. The amount of SA and BA adsorbed falls from ~12 to 2 mg/g and PA from
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~37 to 15 mg/g as pH rises from 2 to 10. Essandoh et al. observed a similar pH
dependence for SA and ibuprofen adsorption on pine wood fast pyrolysis biochar [7]. The
total amount of 4NA adsorbed was greater over this entire pH range (~80 to 60 mg/g) and
the dependence on pH was much smaller than observed for the three carboxylic acid
adsorbates. The amount of 4NA removed was somewhat greater at lower pH.

TEM images of (A) DFBC and (B) MDFBC
In (A) and (B) the grey and black particles are the respective biochars lying on the copper
grid. Below, TEM-EDS maps show the elemental distribution. (A) Shows only traces of
iron present on the DFBC compared to MDFBC. DFBC in (A) exhibits a composition
containing C and O, while MDFBC in (B) exhibits a composition containing C, O and Fe.
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Figure 2.5, shows the adsorbate equilibrium species present in solution, which can
be adsorbed onto the biochar surface. Each adsorbate has two forms to consider. Biochar
surfaces have functional groups that can also have two equilibrium forms (RCOOH,
phenols, acidic alcohols, enols conjugated to C=O, Fe-OH, and the conjugate bases of
each of these groups). Hydrogen bonds can be formed between 4NA with the carboxylic
acid and alcohol functional groups on the MDFBC or DFBC surface. 4NA’s amine group
is both an H-bond donor and acceptor and its nitro group is an H-bond acceptor. 4NA is a
weakly basic aromatic amine (pKb 12.99), and its protonated form will be present at
acidic solution pH values (Figure 2.5). The ratio of protonated to unprotonated 4NA is
1.02 × 10-1 at pH 2 (Table A.2). The ammonium function is a good H-bond donor, but
this cation will tend to be repelled from the more positively charged MDFBC surface.
The point of zero charge for MDFBC is ~6.25. At pH 2, the MDFBC surface will be
positive. Thus, at lower solution pH values, the positive MDFBC surface regions will
tend to repel protonated 4NA.
Protonated surface sites and carboxylic acid sites will strongly interact by Hbonding or proton transfer with the 4NA conjugate base form. Above pH 6.25 the
MDFBC surface is negatively charged. Coulombic effects will attract the conjugate acid
forms of SA, BA, and PA., but repel their conjugate bases. As solution pH continually
rises from 4 to 10, SA, BA, and PA are increasingly converted to their carboxylate
conjugate bases, which are repelled from the increasingly negatively charge MDFBC
(and DFBC) surfaces. This lowers uptake of these adsorbates as solution pH increases.
As pH increases from 6.25 to 10 the surface becomes increasingly negatively charged, so
adsorption of the conjugate base drops.
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During adsorption at pH 2, SA (pKa 2.98), BA (pKa 4.19) and PA (pKa1 2.76,
pKa2 4.92) exist almost entirely in their neutral conjugate acid (R-COOH) forms. They
can strongly H-bond to oxygen-containing surface functional groups and are not repelled
by surface positive charge. Thus, these three adsorbates exhibit their highest sorption at
pH 2.

Effect of solution pH on the adsorption onto MDFBC of (a) 4-nitroaniline
(pKa 1.01 (conjugate acid)), (b) salicylic acid (pKa 2.98), (c) benzoic acid
(pKa 4.19) and (d) phthalic acid (pKa1 2.76, pKa2 4.92) at 25 °C
Salicylic acid, 4-nitroaniline, and benzoic acid concentrations were 25 mg/L; phthalic
acid concentration was 100 mg/L (a higher PA concentration was used to improve signal
to noise on the UV instrument); total volume was 25 mL, mass of MDFBC used was
0.005 g for 4-nitroaniline (a lower mass of biochar was used with 4NA to avoid complete
adsorbate absorption) and 0.050 g for salicylic acid, benzoic acid and phthalic acid;
standard deviation error bars are from 3 replicates.
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Adsorbate equilibrium species and fraction at pH 5 used in the kinetic
experiments
2.4.3

Comparing Biochars
Figure 2.6 (a, b, c, and d) shows the individual uptake of 4NA, SA, BA and PA on

all six biochars and on activated carbon at times of 1 min to 24 h, respectively, after
adding the adsorbent. Equilibration times can be found in Table 2.5 (raw data can be
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found in Table A.3). Figure A.7 shows analyte uptake between 1 min to 10 min for all six
biochars and AC. These adsorptions experiments were all performed at pH 5.
MDFBC has both the highest adsorption capacity and fastest uptake compared to
all the other adsorbents. Both MDFBC and DFBC equilibria with all four adsorbates were
reached within 2 min (Figure 2.6). AC equilibria was fast but required ~10 min to reach
equilibrium with 4NA, SA, and PA. MDFBC adsorbed more SA and BA than DFBC and
about the same amount of 4NA and PA as DFBC (Figure 2.6). AC, after 30 min,
adsorbed almost as much 4NA and PA as MDFBC and DFBC but substantially less SA
and BA than MDFBC. All the other biochars (C1BC, MC2BC, MSGBC, and PWBC)
required 8, or more, hours to reach equilibrium. In all cases the capacity of the MDFBC
exceeds all other materials. The MDFBC has the highest capacities (58.8 mg/g for 4NA,
37.5 mg/g for SA, 40.2 mg/g for BA, 78.6 mg/g for PA) and highest uptake rate (˂ 2 min)
when compared to all the other adsorbents.
The rapid uptake by both MDFBC and DFBC is related to these biochars’ high
surface area, large pore volume and pore sizes (Table 2.4). Aqueous solutions can rapidly
access their large internal pore surfaces, leading to far faster adsorption then the other
four biochars (C1BC, MC2BC, PWBC, and MSGBC). C1BC has a high surface area but
takes far longer to reach equilibrium. C1BC has a smaller pore volume which, combined
with a different pore size distribution, serve to slow the diffusion of water and adsorbate
throughout the available surface area. C1BC was prepared between 600-700 °C which
will dramatically reduce its oxygen content. This could reduce the rate of water transport
into small pores.
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Comparison of rates, equilibrium times, and amounts adsorbed of 4NA,
SA, BA, and PA adsorbates at pH 5 and 25 °C
(a), (b), (c), and (d) show the uptake between 1 min to 24 h. SA, 4NA, and BA
concentrations were 25 mg/L; PA concentration was 100 mg/L; total volume was 25 mL,
mass of each adsorbent used was 0.01 g.
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Table 2.5

Summary equilibration times and adsorption capacities
4-Nitroaniline

Adsorbent

Salicylic acid

Benzoic acid

Phthalic acid

Equilibrium Maximum Equilibrium Maximum Equilibrium Maximum Equilibrium Maximum
time
time
time
time
adsorption
adsorption
adsorption
adsorption
(mg/g)
(mg/g)
(mg/g)
(mg/g)

DFBC

2 min

56.7

2 min

27.2

2 min

30.4

2 min

76.7

MDFBC

2 min

58.8

2 min

37.5

2 min

40.2

2 min

78.6

C1BC

20 h

28.1

20 h

11.5

8h

13.3

16 h

22.5

MC2BC

20 h

18.0

16 h

13.3

20 h

9.4

16 h

24.0

MSGBC

20 h

18.1

20 h

13.3

20 h

8.0

16 h

27.9

PWBC

8h

2.2

16 h

21.3

16 h

5.2

16 h

26.0

30 min

58.2

5 min

27.3

10 min

30.8

30 min

74.9

AC

A surprising finding is the distinctly greater adsorption capacity of MDFBC for
SA and BA compared to DFBC (Figure 2.6 (b), (c)), which has much higher surface area
(745.3 vs 458.7 m2/g). Furthermore, MDFBC also adsorbs slightly more 4NA and PA
than DFBC. This may be related to the greater total positive surface charging of MDFBC
(PZC ~6.25) vs DFBC (PZC ~9.25) at pH 5. However, MDFBC is also a hybrid
adsorbent containing both DFBC and iron oxide phases which can contribute to the
observed capacities of adsorbates. This complicating factor means direct comparisons are
difficult to interpret. MDFBC has a higher capacity for all four adsorbates, particularly
SA and BA, than the very high surface area AC used (754.7 m2/g).
2.4.4

Adsorption isotherm models
Adsorption on MDFBC was examined using the common two parameter

Langmuir [40] and Freundlich [41] isotherms and the three parameter Sips [42], Redlich–
Peterson [43], and Toth [44] isotherms. These models and related equations are
summarized in the supporting information, Table A.4. These models are used to predict
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adsorption and their fitted parameters can be used when scaling adsorption processes to
the industrial levels. The isotherms are related to the amount adsorbed on the surface at a
constant temperature and were determined using four different temperatures 15, 25, 35
and 45 °C at pH 5. All the models were evaluated using nonlinear regression (Origin
2016 software). Figure 2.7 shows the Langmuir adsorption isotherm plots of the four
adsorbates. These were used to calculate maximum monolayer adsorption capacities (Q0
(mg/g)) for each analyte at all four temperatures. Langmuir adsorption capacities on
MDFBC at pH 5 and 45 °C for 4NA, SA, BA and PA, respectively, were 114, 109, 90
and 86 mg/g, at 35 °C, 113, 96, 72, and 82 mg/g, at 25 °C, 111, 92, 73, and 69 mg/g, and
at 15 °C they were 106, 90, 70, and 67 mg/g.
Table 2.6 summarizes the isotherm model parameters and the regression
coefficients determined from the experimental data. The three parameter Sips, Redlich–
Peterson, and Toth models gave better fits (R2 ˃ 0.97), as expected, versus the Langmuir
and Freundlich two parameter models. Three parameter models gave better fits
previously compared to two parameter isotherms for salicylic acid and ibuprofen
adsorption by pine wood biochar [7]. 4NA, SA, BA and PA adsorption onto MDFBC all
increased as the temperature rose, indicating the process is slightly endothermic. 4NA
produced the highest adsorption capacities of all four analytes. This could result from
4NA’s weak basicity which keeps its neutral form predominant over the pH range
studied. Hence it is not repelled by positive surface charge at a pH below PZC or
negative surface charge above the PZC. Furthermore, 4NA’s amine group is both an Hbond donor and acceptor and its nitro group is a strong H-bond acceptor. SA and BA
have similar molar adsorption capacities (SA molecular wt. is 16 amu > BA). Table 2.7,
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compares the SA adsorption capacities on MDFBC versus other adsorbents in the
literature. The high capacities of MDFBC compare well with other adsorbents. When
considering the low potential cost of MDFBC, its exceptionally rapid uptake rates, and its
ability to be used in batch stirred tank process with magnetic removal instead of filtration,
MDFBC is very promising.

Langmuir adsorption isotherms (a-d) on MDFBC for 4NA, SA, BA and PA
at 15, 25, 35, and 45 °C (adsorbent concentration was 2 g/L; pH 5)

45

0.9669

R2

0.974

R2

0.1

0.46

0.9892

aLF (1/mg)LF

nLF

R2

0.9888

0.9979

2

0.9812

0.9922

R

0.3

βT

2

0.49

1.8

BT

1.33

1118.1

KT

230.56

0.92

0.86

Toth

1.41

2.47

βRP

R

104.17

133.17

0.9777

0.64

0.33

60.08

0.9481

37.14
0.22

0.9768

0.9872

0.47

1.22

204.88

0.9933

0.91

1.23

87.79

0.9841

0.62

0.24

51.89

0.9527

36.14
0.23

0.9788

112.73
0.55

35 0C

4NA

111.39
0.71

25 0C

KRP (1/g)
aRP
(1/mg)RPβ

RedlichPeterson

47.59

KLF (1/mg)

Sips

34.75
0.22

KF (mg/g)
1/n

Freundlich

106.39
0.54

15 0C

0.9869

0.46

1.12

175.22

0.9918

0.9

1.06

78.81

0.9842

0.61

0.19

46.51

0.9519

35.16
0.24

0.9768

114.07
0.46

45 0C

0.9945

1

0.028

2.5

0.9946

1.01

0.026

2.47

0.9911

0.96

0.03

2.8

0.9414

11.07
0.36

0.9945
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0.03

15 0C

0.9974

1.49

0.004

1.94

0.9972
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0.9962

1.2

0.03

1.45

0.9087

11.25
0.36
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92.42
0.03

25 0C
96.17
0.02

35 0C

0.9983

1.33
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1.82
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1.09
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1.95
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0.03

1.53

0.9241

10.12
0.38

0.9962

SA

0.9902

5.15
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1.35

0.9791

1.35

0.002

1.66
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1.76

0.03

0.21
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0.38
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0.02

45 0C

0.9999
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0.05

15 0C
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35 0C
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0.03
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67.41
0.03
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0.001

1.37

0.9999
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0.01
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0.9999
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0.34
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12.80
0.29

0.9993

69.27
0.03

25 0C

82.09
0.02

35 0C
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1.38

0.006

1.44

0.9997

1.1

0.01

1.58

0.9997

1.28

0.03

0.78

0.9982

8.28
0.39

0.99577

PA

0.9999

0.63

0.15

3.85

0.9999

0.91

0.07

2.56

0.9999

0.73

0.02

4.42

0.9983

7.33
0.41

0.99573

85.86
0.01

45 0C

Langmuir, Freundlich, Sips, Redlich–Peterson, and Toth isotherm parameters for 4NA, SA, BA, and PA removal on
MDFBC

Q0 (mg/g)
b

Langmuir

Isotherm
Parameters

Table 2.6
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Table 2.7

Comparison of Langmuir adsorption capacities for salicylic acid
remediation on MDFBC versus previously reported adsorbents

Adsorbents

Pinewood biochar

Filtrasorb 400
GAC 830
Filtrasorb F400
Sephabeads SP207
Sephabeads SP206
Hypercrosslinked
polymeric
adsorbent
MDFBC

2.4.5

Temp/
°C

25
35
45
20
20
20
20
20
10
30
50
15
25
35
45

Equilibrium
time

16 h
16 h
16 h
1.5 h
1.5 h
24 h
24 h
24 h
24 h
24 h
24 h
˂ 2 min
˂ 2 min
˂ 2 min
˂ 2 min

pH

Surface
area
(m2/g)

2.5
2.5
2.5
11–12
11–12
3.5
3.5
3.5
2.8–3.5
2.8–3.6
2.8–3.7
5
5
5
5

1.35
1.35
1.35
1050
950–1050
1050
627
556
934
341.9

Adsorption Adsorption
capacity, Q0 per unit
(mg/g)
surface
area
(mg/m2)
7.6
5.6
16.8
12.5
22.7
16.8
31.4
0.03
17.5
0.02
351
0.33
81.6
0.13
45.2
0.08
320
0.34
264
0.28
256
0.27
0.26
89.9
0.27
92.4
0.28
96.2
0.32
108.8

Ref.
no

[7]
[45]
[46]

[47]

This
study

Desorption and regeneration
Adsorbate desorption from MDFBC was studied after adsorption onto MDFBC

from solutions with initial adsorbate concentrations of 250 mg/L at pH 5. A MDFBC
dose of 5 g/L was employed at pH 5 and 25 °C. MDFBC reusability was determined by
conducting three adsorption and desorption cycles (Figure 2.8). Methanol followed by
water was used in the stripping cycles. 4NA adsorption was 50.0 mg/g in the first cycle
and decreased to 45.9 and 43.1 mg/g, respectively, for the second and third cycles. A
similar trend was observed with SA, BA and PA (Figure 2.8), where adsorption is
reduced by a few percent after each cycle. In each case, the amount of adsorbate that was
stripped from MDFBC in the first cycle was substantially less than that initially adsorbed.
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Adsorption-desorption cycles of all four adsorbates from MDFBC at 25 °C
An adsorbent concentration of 5 g/L and an adsorbate concertation 250 mg/L for 4NA,
SA, BA and PA at pH 5 were used; the desorption solvents used were methanol (10 mL ×
5) and water (10 mL). Error bars related to 3 replicates. A portion of all four adsorbates
were tightly bound on the first cycle and resisted stripping.
After the second and third cycles the amount of adsorbate desorbed is closer to the
amount adsorbed in that cycle. In the first adsorption cycle a portion of each of the four
adsorbates is strongly adsorbed at sites which do not release the adsorbate to methanol or
water (subsequent studies also showed that 0.1 M NaOH does not fully strip this portion
of the adsorbates). The nature of this strong interaction is not known. After the first
stripping cycle, all four adsorbates are reabsorbed in amounts only slightly less than the
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first cycle, meaning the MDFBC now is retaining both the originally strongly held
adsorbates plus the adsorbate removed during the second cycle. This can occur because
the amount adsorbed is concentration dependent and in the second (and third) adsorption
cycles MDFBC is re-exposed to 250 mg/L of adsorbate at pH 5. Each adsorption step
reaches equilibrium prior to stripping, but the strongly held adsorbate from the first step
remains on the MDFBC throughout the cycling, with the possible exception of small
amounts of the strongly held BA and PA which may strip in the second and third cycles.
2.4.6

Remediation of adsorbates from spiked lake water using MDFBC
The efficiency of MDFBC in an authentic environmental water system was

investigated by collecting water from Oktibbeha County Lake, Starkville, MS 39759. The
lake water samples (pH ~6.4) were collected in amber brown glass bottles. To prevent
microbial degradation, 1 mL of formic acid was added on-site. After transportation to the
laboratory, samples were filtered through MF-Millipore (0.22 μm, GSWP04700) filter
paper and stored at ~ 4 °C until used [48]. Lake water was then spiked separately with 25
mg/L of 4NA, SA, BA and PA. MDFBC doses of 0.01 g were then added to each of the
25 mL spiked water samples, followed by vortexing for 2 min. After magnetic separation
of MDFBC, the supernatant was analyzed using UV-Vis spectroscopy. This procedure
was repeated using pH 6.4 distilled water to compare the results.
Figure 2.9 compares the adsorption capacities for 4NA, SA, BA and PA in the
lake water to the capacities in distilled water. Adsorption capacities in lake water
decreased 8.8 %, 71.4 %, 67.0 % and 15.38 % for 4NA, SA, BA and PA, respectively,
with respect to aqueous laboratory solutions at the same conditions. The presence of
interfering adsorbates caused this difference. It is interesting to note that 4NA, which is
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the most strongly adsorbed of the four adsorbates (Figure 2.4.), was the least affected by
competing adsorbates present in the lake water. Mohan et al. observed a similar result for
2,4,6-trinitrophenol removal using magnetic activated carbon from almond shells [29].

Comparison of the adsorption of 4NA, SA, BA and PA in distilled water
and lake water, both at pH 6.4 at 25 °C
MDFBC concentration of 0.4 g/L, adsorbate concentration 25 mg/L, error bars related to
3 replicates.
2.5

Conclusions
Magnetic biochar (MDFBC) was successfully prepared from fast pyrolysis

biochar from waste Douglas fir. This MDFBC was characterized and used to successfully
adsorb salicylic acid, 4-nitroaniline, benzoic acid and phthalic acid from aqueous
solutions. The Douglas fir biochars, DFBC and MDFBC, had far higher adsorption
capacities and far faster adsorption rates than the other biochars studied (C1BC, MC2BC,
PWBC and MSGBC). For example, DFBC and MDFBC had adsorption capacities of
76.7 and 78.6 mg/g, respectively, compared to 22-28 mg/g for phthalic acid using the
four other biochars. MDFBC and DFBC also had far faster uptake kinetics of the analytes
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compared to all the other biochar adsorbents. MDFBC also adsorbed SA and BA faster
than activated carbon (AC) and 4NA and PA at similar rates. For all analytes studied,
sorption equilibrium using MDFBC was reached within 2 min compared to 8 – 20 h for
the other 4 biochars studied.
The surface areas of DFBC and MDFBC are remarkably high (745.3 and 458.7
m2/g, respectively) for fast pyrolysis chars. DFBC and MDFBC have the larger pore
volumes and pore sizes when compared to other biochars (Table 2.4). The unique
production process used to make DFBC generates this large surface area, high pore
volume and low particle density (not to be confused with bulk density). MDFBC, DFBC
and AC exhibit the combination of larger pore size averages and higher pore volumes
than the other biochars which we believe accounts for their faster adsorption kinetics vs
the other biochars. If water and adsorbates can reach higher surface areas fast, one would
then expect faster adsorption kinetics. The Fe3O4 particle surfaces deposited on DFBC to
produce MDFBC are readily available to water and adsorbates as well and would be
expected to have fast adsorption kinetics, as was observed. The role of Fe3O4 surface vs
the biochar surface in this hybrid adsorbent is less clear and the fraction of adsorbates
adsorbed on the Fe3O4 surface vs the biochar surface is unknown.
Adsorption for all the analytes were favored at low pH values. Adsorption of
4NA, SA, BA and PA increase on MDFBC with an increase in temperature, indicating
sorption is slightly endothermic. The three parameter Sips, Redlich–Peterson, and Toth
models gave better fits (R2 ˃ 0.97) versus the Langmuir and Freundlich two parameter
models. The fast rates of adsorption of MDFBC and DFBC are currently being exploited
for both heavy metal and organics remediation from contaminated waste waters.
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CHAPTER III
LEAD AND CADMIUM REMEDIATION USING MAGNETIZED AND
NONMONETIZED BIOCHAR FROM DOUGLAS FIR
3.1

Abstract
Magnetic biochar (MBC) was produced from the wet fast pyrolysis of Douglas fir

biochar (NBC). MBC was synthesized by magnetite (Fe3O4) precipitation onto the
biochar’s surface from an aqueous Fe3+/Fe2+ solution upon NaOH treatment. The NBC
and the resulting MBC were used to remove lead and cadmium from water. Both
biochars were characterized by SEM, SEM-EDX, TEM, PZC, XRD, elemental analysis,
and surface area measurements. Batch sorption studies were carried out from pH 2 to 7
with adsorbate concentrations ranging from 10 to 250 mg/L at 25, 35, and 45 °C. MBC
suspensions in the contaminated solutions were vortexed for two min and then
magnetically removed. NBC was removed using filtration. Remediated solutions were
then analyzed using AAS. The amounts of lead and cadmium adsorbed onto both NBC
and MBC increased with increasing pH. The Langmuir, Freundlich, Sips, Redlich–
Peterson, and Toth adsorption isotherm models were applied to describe equilibrium data.
The maximum Langmuir adsorption capacities at pH 5 and 45 °C for lead and cadmium
were ~40 and ~16 mg/g for NBC and ~27 and ~11 mg/g for MBC, respectively.
Adsorbent recycling was carried out with NBC and MBC by extraction with 0.1 M HCl
(5 × 10 mL) and water (10 mL). Adsorption kinetics of NBC and MBC were compared
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with four other biochars (mixed feed, magnetized mixed feed, pinewood, and magnetized
switchgrass). Equilibria of NBC and MBC with both Pb2+ and Cd2+ were reached within 2
min while the other biochars took from 2 to 20 h. Therefore, both NBC and MBC have
potential as low cost, green adsorbents for lead and cadmium remediation as
replacements for more expensive commercial activated carbon.
3.2

Introduction
Waste water pollution by heavy metals is a risk to the environment and human

health. Lead and cadmium can get into water systems from multiple pathways [1-4].
Unfortunately, these metals can bioaccumulate in the environment with detrimental
effects to wildlife and humans at low relatively concentrations. As a result, the US
Environmental Protection Agency (EPA) has set the lead and cadmium standards to less
than 0.015 mg/L and 0.005 mg/L, respectively, for drinking water [5].
Lead is released to the environment through fossil fuel combustion, battery
manufacturing, acid mine drainage, smelting of sulfide ores, corrosion of household
plumbing systems, and erosion of natural deposits [1, 6, 7]. Lead poising can lead to
kidney problems, abortion, and high blood pressure in adults [2, 5]. In children and
infants, lead can cause delays in mental or physical development and slight deficits in
attention span and learning ability [5, 8, 9]. Cadmium is emitted into the environment
from waste batteries, paints, discharge from metal refineries, corrosion of galvanized
pipes, and through other industrial processes [2, 10, 11]. Exposure to this metal can result
in kidney damage [5].
Methods currently used to remove heavy metals include ion exchange [12],
ultrafiltration [13], membrane separation [14], chemical precipitation [15], adsorption
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[16], and electrochemical [17], coagulation [18], and flocculation [8, 19]. Adsorption is a
cost effective technique. Carbon nanotubes [8], biosorbents, [20] and activated carbon
[21, 22] are common adsorbents used for heavy metal removal but are currently
considered to be relatively expensive. Thus, considerable interest exists in the
development of low-cost adsorbents to remove heavy metals.
Biochar is an adsorbent often formed as a byproduct of the bio-fuel industry and
is often less expensive than activated carbon. The ability of biochar adsorb metals has
been extensively studied [1, 2, 4, 9]. A novel adsorption method for wastewater
remediation is the use of magnetic biochar, which can be used in batch, stirred-tank
processes and recovered with a magnet. As adsorbent particle size decreases, filtration or
flow through columns becomes very slow. Thus, magnetic separation could allow
practical use of small particle size adsorbents which have high surface areas and faster
adsorption kinetics but retard flow rates through columns or filters.
Pharmaceuticals and metals are two classes of contaminates to consider when
cleaning waste water. The biochar absorbents presented here for metal adsorption have
previously been used for the removal of pharmaceuticals from water (Karunanayake et al.
[23, 24]). In this study, we investigate the ability of magnetic and nonmagnetic Douglas
fir biochar to remove lead and cadmium from aqueous solutions. The adsorption behavior
of lead and cadmium at different concentrations, temperatures and pH values are reported
and compared with previous studies.
3.3

Reagents and equipment
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless

otherwise specified. Stock solutions were made by dissolving Pb(NO3)2 and
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Cd(NO3)2.4H2O (each metal concentration was 250 mg/L), in de-ionized water prepared
in a Millipore-Q water system. The pH was adjusted using either 0.1 M HNO3 or 0.1 M
NaOH using a pH meter (HANNA instrument HI 2211 pH/ORP meter). Lead and
cadmium concentrations were determined using an atomic adsorption spectrophotometer
(Shimadzu AA-7000). Adsorption studies were carried out inside a static water bath
(BUCHI 461) and a vortex mixer (Scientific Industries, T3-1280) was used to stir the
samples.
3.3.1

Scanning electron microscopy (SEM) and energy dispersive analysis by Xray (EDX)
Surface morphologies of MBC and NBC were obtained using a JEOL JSM-6500F

FE-SEM at 5 kV. The sample was coated on a carbon stub attached to carbon tape and
then was mounted into a sample holder for SEM/EDX analysis. EDX was carried out
using a Zeiss, EVO 40 scanning electron microscope containing with a Bruker EDX
system.
3.3.2

Transmission electron microscopy (TEM) and energy-dispersive X-ray
spectroscopy (EDS)
MBC and NBC were examined with a JEOL model 2100 TEM operated at 200

kV. TEM samples were prepared by mixing ~10 mg of char with ~0.5 mL ethanol
followed by 2 min of sonication. A drop of this suspension was then deposited onto a
carbon film on a 300 mesh copper grid and allowed to stand this overnight prior to
TEM/EDS analysis. EDS was carried out using an Oxford X-max-80 detector.
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3.3.3

Surface area measurements
The surface areas of all six adsorbents were examined using a N2 BET,

Micromeritics Tristar II Plus surface area analyzer. The adsorption data was used to
determine N2 adsorption isotherms (273 K), which were analyzed by applying the
Dubinin-Astakhov equation [25] for pore volume.
3.3.4

X-ray powder diffraction (XRD)
X-ray diffraction (XRD) patterns for MBC were obtained from Rigaku Ultima III

(Jade 2010 software with PDF 2 database) using Cu-K D (λ =1.54 Å) radiation at 45 kV
and 40 mA. The samples were scanned from 5 to 90° with the scan speed of 1° min-1.
3.3.5

Proximate analysis
Ash analysis was done by weighing the mass of ash produced from incinerating 1

g of the biochar samples in a muffle furnace in air at a 650 °C for 15 h. The percentage of
iron in each biochar samples was determined using atomic absorption spectroscopy
(Shimadzu AA-7000) using iron standard solution (Sigma-Aldrich). An acid digestion
was performed on 0.1 g of biochar using 50.0 mL of 1:1 95 % H2SO4 /70 % HNO3. Iron
was dissolved from the biochar into the acid for 24 h with stirring and then diluted 5 fold
with deionized water prior to atomic absorption spectroscopy analysis.
3.3.6

Point of Zero charge (PZC) measurements
The point of zero charge (PZC) of MBC and NBC was determined using a 0.01 M

NaCl aqueous solution with pH values ranging from 2 to 7 at pH intervals of 1. These pH
values were fixed using either 0.1 M NaOH or 0.1 M HCl solutions. The solutions (25
mL) were brought into contact with 0.05 g of adsorbent and the system was vortexed for
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2 min. After removal of biochar using a magnet or filtration, the pH of the supernatant
was measured using an ORION model 210 pH meter. The PZC was obtained from a plot
of initial solution pH against pH of the supernatant.
3.4
3.4.1

Experimental
Pyrolysis of Douglas fir biochar
Douglas fir biochar (NBC) was produced as a by-product from the gasification of

timber industry waste wood. Auger fed, chipped (approximately 3 inches) green wood
was introduced into the air fed updraft gasifier at 900 – 1000 ºC with a residence time of
about 1 s [23]. Large biochar particles (~2 cm) were collected and washed several times
with water to remove fine particulates, impurities and water soluble organic residuals and
before drying at room temperature. The biochar was ground, sieved to a particle size of
0.1-0.6 mm and stored in closed vessels until needed [23].
3.4.2

Preparation of magnetic Douglas fir biochar
Magnetic biochar from Douglas fir (MBC) was prepared from NBC according to

the method described by Mohan et al. [26] and Karunanayake et al. [23, 24]. Briefly,
MBC (50 g) was suspended in distilled water (500 mL). Solution of FeCl3 and
FeSO4•7H2O were prepared then mixed and vigorously stirred (200 rpm) at 60–70 °C for
5 min. The combined Fe2+/Fe3+ solution (1450 mL) was then slowly poured into an
aqueous (500 mL) suspension of biochar (Douglas fir) at room temperature and slowly
stirred (50 rpm) for 30 min repeatedly washed with distilled water, followed by three
ethanol washes, vacuum filtration and overnight oven drying at 50 °C. Then, 10 M NaOH
solution was added dropwise until a pH of 10-11 was achieved. The resulting Fe3O462

magnetized Douglas fir (MBC) was filtered, and then NBC and MBC’s absorption
kinetics were compared with two commercially available biochars (designated as C1 and
MC2 herein), and two in-house prepared biochars (pinewood, PW and magnetic
switchgrass, MSG) (Table 3.1). The pinewood biochar was made according to the
method described by Essandoh et al. [27], and the switchgrass biochar was made
according to Pittman et al. [28].
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Table 3.1

Summary of the different biochars

Designation of
Description
adsorbent
Douglas fir biochar (supplied
BC
by Biochar Supreme)
Magnetic Douglas fir biochar
(supplied by Biochar
MBC
Supreme and magnetized at
MSU)
Made from mixture of wood
chips, green waste, rice hull,
corn cob, nut shells and
C1
(Commercial) husks, cotton gin trash and
pomace (purchased from a
commercial source)
Mixture of different
feedstocks mainly made of
MC2
pinewood. (purchased from a
(Commercial)
commercial source and
magnetized at MSU)

PW

Pinewood biochar (prepared
at MSU)

MSG

Magnetic switchgrass
biochar (prepared at MSU)

3.4.3

Process condition
Gasifier at 900 – 1000 ºC with a
residence time of about 1 second.
Magnetized using NBC
according to the magnetic
precipitation method described
above.

Pyrolyzed at 600-700 °C for 90 s.

Slow pyrolysis at 550-600 °C for
8 to 10 h. Magnetized according
to the magnetic precipitation
method described above.
Pyrolyses were performed in an
auger-fed reactor with a preheat
zone and then a subsequent 20-30
s flow through the hot, 425°C,
zone using a pelletized biomass
feed rate of 1-2.5 kg/h [27].
Pyrolyses were performed in an
auger-fed reactor with a preheat
zone and then a subsequent 20-30
s flow through the hot, 425 °C,
zone using a pelletized biomass
feed rate of 1-2.5 kg/h [28].
Magnetized according to the
magnetic precipitation method
described above.

Sorption studies
Batch sorption studies for NBC and MBC were performed by varying metal (lead

and cadmium) concentrations from 10 – 250 mg/L at 25, 35 and 45 °C using de-ionized
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water from a Millipore-Q water system at pH 5. A known amount of NBC or MBC was
added to 40 mL amber glass vials each containing 25 mL adsorbate solutions of different
concentrations. These were vortexed for periods between 1 and 5 min. Equilibrium was
achieved in only 2 min for MBC and NBC. No further uptake occurred between 2 to 5
min. MBC was removed from solution magnetically while NBC was removed using
filtration (Whatman filter paper No.1). The metal concentrations remaining in the filtrate
were determined using AAS. The metal adsorption per unit of adsorbent (qe) was
calculated using following equation.
ୣ ൌ  ሺిబషిሻ

3.1

Here, Co and Ce (mg/g) are initial and equilibrium metal concentrations in the solution, V
is the solution volume in liters, and M is the total mass of adsorbent added in grams.
The lead and cadmium uptake rates of NBC, MBC, and the four biochars used for
comparison, C1, MC2, PW, and MSG, were determined at pH 5 and 25°C between 1 min
and 24 h. The lead and cadmium concentrations used in this experiment were 50 and 10
mg/L respectively. The total solution volume was 25 mL, and the mass of each adsorbent
used was 0.01 g. AAS detected no leaching of iron under these experimental conditions.
All the experiments were carried out three times and the standard deviation error bars in
the graphs are due to 3 replicates.
3.4.4

Regeneration procedure
The MBC and NBC were recycled three times. Solutions (50 mL) containing 250

mg/L lead and 100 mg/L cadmium were equilibrated with 10 g/L MBC and NBC, at pH 5
and 25 °C. Desorption of each metal was studied individually. Desorptions from NBC
and MBC (0.25 g) were carried out with a total of 50 mL 0.1 M HCl (5 × 10 mL for 10
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min) followed by water (10 mL) stirring for 10 min in each step. Filtrates were analyzed
by AAS.
3.5
3.5.1

Results and discussion
Characterization
SEM images of the Douglas fir biochar (NBC) and magnetic Douglas fir biochar

(MBC) (Figure 3.1) were used to observe surface morphology. The wood cell
morphology present in the Douglas fir chips is still clearly observed in Figure 3.1 (A-D)
for the NBC. Also, these chars have a macroporous surface texture with small canals.
MBC micrographs, Figure 3.1 (E-F), show morphological changes due to magnetite
precipitation in the original NBC’s large macropores. These can be seen as very small
particles widely distributed and also aggregated in some locations. During magnetite
formation, some biochar pores could have been blocked or partially blocked by magnetite
particles forming in the char (Figure 3.1 F).
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Figure 3.1

SEM images of NBC and MBC

(A), (B), (C), and (D) are SEM images (different magnifications) of NBC and (E) and (F)
shows the SEM images of MBC. Morphological changes due to iron oxide particulate
precipitation onto the char are clearly observed in images E and F
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SEM-EDX elemental composition graphs of the NBC and MBC are shown in
Appedix A, Figure A.3 (a and b). Iron loading is confirmed by the intense EDX iron
peaks present in MBC (11.35 % Fe) compared to NBC (0.11 % Fe). These EDX iron
peaks result from magnetite precipitation on the MBC during the Fe3+/Fe2+/NaOH
treatment. EDX analyses cover specific areas of the surface and have limited depth of
penetration. Since the surface regions are heterogenous at small scales, the % Fe by EDX
is an approximation only of the total surface and especially so for the entire adsorbent.
Table B.1 summarize the weight percentage of different surface region elements present
on NBC and MBC, respectively by SEM-EDX analyses. Quantitative analysis of the total
percent iron of MBC was done by AAS. The percent iron content of MBC was 16.4 %
(Table 3.2). Substantial calcium (1.3 %) and magnesium (2.1 %) appear in the EDX
(Table B.1) of NBC surface region. The amounts of these two metals is greatly reduced
in the surface regions of MBC, mostly due to their likely extraction during the iron oxide
precipitation step and also their partial coverage by the iron oxide particles.
TEM analysis were conducted to confirm the iron, carbon, calcium, magnesium
distribution before adsorption and to detect lead and cadmium after adsorption (Figure
3.2). TEM-EDS maps (Figure 3.2) show only traces of iron was present on the NBC
versus abundant iron present on MBC. TEM-EDS image of NBC (Figure 3.2 (B)) clearly
shows the overlapping distribution of iron and oxygen, supporting the existence of iron as
an iron oxide. Figure 3.3 display TEM- EDS images of NBC and MBC after adsorption
of lead and cadmium (from solutions with metal concentrations of 250 mg/L and an
adsorbate concentration of 5 g/L). TEM-EDS maps shows that lead and cadmium are
rather homogenously distributed over the NBC and MBC surfaces.
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Figure 3.2

TEM images of (A) NBC and (B) MBC

Below each TEM image are TEM-EDS maps of elemental distribution.
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Figure 3.3

TEM images of NBC and MBC after adsorption of lead and cadmium

(a) NBC after adsorption cadmium, (b) MBC after adsorption of cadmium, (c) NBC after
adsorption of lead, and (d) MBC after adsorption of cadmium onto each surface Each
TEM image below, TEM-EDS maps show the elemental distribution.
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XRD patterns of MBC are shown in Figure 3.4. Multiple iron oxide phase peaks
in the 2θ range from 20 to 90° prove that the iron oxide present is primarily Fe3O4 [23].
The major peak at 35.45° is for a crystalline plane with Miller indices of (311) [29].
Other peaks at 30.10° (220), 43.08° (400), 53.45° (422), 56.98° (511), 62.57° (440), and
74.02° (444) all match the standard diffraction pattern of Fe3O4 [29-32]. Minor peaks at
24.32° (012), 33.3° (104), and 49.44° (024) also match the standard diffraction pattern of
Fe2O3 [23, 30, 33].

Figure 3.4

The powder XRD spectrum of MBC

In the magnetization process both Fe3O4 and Fe2O3 are formed [23, 26, 34]. This
was proven by the XRD analysis (Figure 3.4) [35]. Adding NaOH dropwise increased the
pH. First Fe(OH)3 and second Fe(OH)2 precipitate onto the biochar surface. This Fe(OH)2
can be oxidized to Fe(OH)3 by dissolved oxygen, leading to the formation of mixed iron
oxide/hydroxide (Fe(O)OH) and magnetite (Fe3O4). Finally, during oven drying at 50°C
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some Fe2O3 can be formed. Mohan et. al [34], clarify that the char surface also facilitates
nucleation of iron oxide precipitation [23, 26, 34].
The high Fe (using AAS) and ash content of MBC, MC2 and MSG (Table 3.2)
are results of biochar magnetization. A unique biochar production process results in high
surface area and pore volume for the fast pyrolysis biochar, NBC. These values are
somewhat reduced following magnetization in MBC due to deposition of the iron oxide
particles in and on biochar pore surfaces. The total pore sizes of NBC and MBC were
large which encourages rapid water penetration into these biochars. The low density of
the NBC and MBC biochars allows for easy access of contaminated water, resulting in
the extremely fast adsorption of Cd2+ and Pb2+ and rapid establishment of adsorption
equilibria.
Table 3.2

Surface areas, pore volumes, pore sizes, ash contents, and iron weight
percent of the biochars and magnetized biochars [23]

Biochar sample
Surface area (m2/g)
Pore volume (cm3/g)
Pore size (Å)
Fe (%wt)
Ash (%wt)

NBC
745
0.258
13.65
ND
2.5

MBC
459
0.158
13.57
16.4
29.9a

C1
332
0.111
13.05
ND
3.6

MC2
40.3
0.011
9.88
13.9
20.9a

PW
0.2
0.000
9.74
ND
1.3

MSG
19.1
0.006
12.25
14.0
36.3a,b

ND- Fe not detected. a These ash contents are large because they included the iron oxides
precipitated on the biochar particles. b In addition to precipitated iron oxides, the switch
grass contains substantial amounts of silica which ends up in the ash.
The point of zero charge (PZC) for NBC was ~9.2 and MBC was ~6.2 [23]. The
high temperatures (900-1000 °C) used in the NBC production process and a Douglas fir
feed stock with high mineral content (Ca2+ and Mg2+) both contribute to the high PZC
value for NBC [36]. Calcium (1.3 %) and magnesium (2.1 %) contents were confirmed
by SEM-EDX analysis (Table B.1). Combined with the TEM-EDS maps (Figure 3.2), all
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evidence suggests CaCO3 and MgCO3 are present in the surface region. Calcium and
magnesium ions can react with carboxyl groups on the biochar surface and produced
insoluble salts [37]. At the high temperatures used, carboxylic acids decarboxylate,
lowering the acidity of NBC surface while the metal carbonates formed increase the PZC
of NBC. The PZC drops from ~9.2 to ~6.2 following magnetization by Fe3O4
precipitation onto biochar surface producing the less basic MBC [23]. Comparing Table
B.1, there is a large drop in the % Ca and % Mg when NBC is magnetized to MBC. This
reduces surface basicity. Also, the Fe3O4 surfaces introduced surface Fe-OH functions
which are more acidic than carbonates.
3.5.2
3.5.2.1

Sorption studies
Comparing adsorption verses contact time
Adsorption capacities for individual lead and cadmium uptake vs contact time

were determined (Figure 3.5) for all six biochars from 1 min to 24 h. Adsorption capacity
increased with the surface area. NBC has the greatest surface area (745 m2/g) and
adsorbed both lead (64.8 mg/g) and cadmium (18.5 mg/g) under the conditions (Figure
3.5) employed. This was followed by the MBC surface area (459 m2/g). MBC adsorbed
lead (40.7 mg/g) and cadmium (12.6 mg/g). C1 (332 m2/g), had lead and cadmium
uptakes of 34.4 and 10.7 mg/g, respectively. MC2, PW, and MSG had low surface areas
and lowers uptakes of both metals.
Both NBC and MBC equilibria with lead and cadmium were reached within 2
min (Figure 3.5). These are very rapid adsorptions. NBC has the highest adsorption
capacities for both metals (64.8 mg/g for lead, and 18.5 mg/g for cadmium) under the
conditions shown in Figure 3.5. MBC capacities were 40.8 mg/g for lead, and 12.6 mg/g
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for cadmium. MBC is approximately 77 % biochar and 23 % iron oxide (according to
AAS, 16.4 % Fe). A calculation of the molar adsorption capacities, mmol of metal
adsorbed/gram of biochar, give closer lead and cadmium adsorption capacities for NBC
(lead 0.31mmol/g and cadmium 0.16 mmol/g)) and MBC (taking the 23 % iron oxide to
account) (lead 0.26 mmol/g and cadmium 0.15 mmol/g), respectively. High surface area
and large pore volume contribute to the rapid uptake by both NBC and MBC. Aqueous
solutions can rapidly access their large internal pore surfaces, leading to far faster
adsorption than the other four biochars (C1, MC2, MSG, and PW).

Figure 3.5

Comparison of rates, equilibrium times, and amounts of lead and cadmium
adsorbed at pH 5 and 25 °C

(a) and (b), show the uptake between 1 min to 24 h. Lead concentration was 50 mg/L;
cadmium concentration was 10 mg/L; total volume was 25 mL, mass of each adsorbent
used was 0.01 g. (a higher lead concentration was used to improve signal to noise on the
AAS)
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3.5.2.2

Effect of solution pH on metal adsorption and the removal mechanism
The effect of solution pH on adsorption of Pb2+ and Cd2+ at 25 °C was studied

from pH 2-7 using NBC and MBC doses of 2 g/L biochar for lead sorption (Figure 3.6
(a)) and 0.4 g/L biochar for cadmium removal (Figure 3.6 (b)). A lower mass of biochar
was used with cadmium to avoid complete absorption onto biochar surface. The
concentrations for Pb2+ and Cd2+ solutions were 100 ppm and 25 ppm, respectively. The
uptake of Pb2+ onto NBC increased from ~ 8 to 97 % and for MBC from ~ 9 to 72 % as
pH rises from 2 to 7. Cd2+ uptake it increased from ~ 0.6 to 72 % on NBC and from ~ 0.1
to 70 % on MBC as pH rose from pH 2-7. Both aqueous Pb2+ and Cd2+ ions undergo
hydrolysis, solvation, and polymerization above pH 7 which can lead to their metal
hydroxides precipitating and competition with adsorption. Hence, despite very fast
adsorption equilibrium on NBC and MBC, the pH 7 values on Figure 3.6 for Pb2+ could
represent some competition from precipitation.
The interaction of Pb2+ and Cd2+ ions with biochar is pH dependent. The biochar
surface functional groups can protonate or deprotonate with pH changes. Magnetized
biochar also has Fe3O4 with surfaces that change with pH over the pH range from 2 to
6.5. NBC has a higher adsorption capacity than MBC at all pHs for both metals (Figure
3.6). The point of zero charge for NBC is ~9.2. So, going from pH 9.2 to 2, the NBC
surface will be increasingly positive. Thus, at lower solution pH values, the positive NBC
surface regions will tend to repel positively charged Pb2+ and Cd2+. As solution pH rises
from 2 to 7, deprotonation of the biochar surface carboxylic acids and other acidic
hydroxyl groups leads to lower net positive charge repulsions and on the NBC surface,
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promoting metal cation attraction at negative locations. Thus, adsorption increases as pH
rises.
MBC is approximately 23 wt % iron oxide with the remaining 77 wt % comprised
of the original biochar. This lowers the original NBC surface area 745 mg/g to 459 mg/g
for MBC. This likely contributes to the higher adsorption given by NBC versus MBC.
MBC will have the same biochar functional groups as NBC, with its additional iron oxide
surfaces. In aqueous solutions, the surface of the iron oxide particles are terminated with
hydroxyl groups. According to Cornell and Schwetmann magnetite can form [FeOH]+,
[Fe(OH)2]0 and [Fe(OH)3]- surface functions depending on pH [38]. The acid dissociation
constant, pKa1 of magnetite is ~5.6. Below pH 5.6, Fe2+ and [FeOH]+ are the dominant
surface functional groups [38, 39]. These positive sites can repel the positive Pb2+ and
Cd2+. This leads towards lower adsorption at low pH for MBC vs NBC along with
MBC’s lower surface area. At high pH, the dominant functional groups of the iron oxide
surface would be [Fe(OH)2]0 and [Fe(OH)3]-. The decrease in surface positive charges
facilitates Pb2+ and Cd2+ adsorption as pH rises.
Carboxylic acids chelate with M2+ metal ions like Mg2+, Ca2+, Pb2+, and Cd2+ as a
function of solution pH. As pH rises, these complexes become more stable and
adsorption would occur. Usually, high temperatures will cause decarboxylation of
carboxylic acid functions. The high temperature employed during NBC formation was
applied for a small time and in a water rich environment. Since MgCO3, CaCO3, and
perhaps some of their hydroxides were present in the final NBC used, titration was not
useful to determine of the amount of carboxyl present. Other acidic hydroxyl groups (Dhydroxyquinones, D,β-unsaturated hydroxyketones, etc.) can also be present. Adsorption
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increases sharply and continuously going form pH 2 to 4, a region where the net overall
surface charge is clearly positive (but decreasing) for both NBC and MBC. Trying to
understand adsorption on hybride adsorbents like MBC (both biochar and Fe3O4 surfaces
combined) is challenging task. The sharp rise in adsorption between pH 2 and 4 on NBC
might reflect surface chelation of the metal cations to surface organic oxygenated
compounds, but some uptake by residual carbonates or metal hydroxides within the pores
during the short equilibration times could contribute as well.

Figure 3.6

Effect of solution pH on (a) lead and (b) cadmium adsorption on NBC and
MBC

Lead concentration was 100 ppm; cadmium concentration was 25 ppm; total volume was
25 mL, mass of NBC and MBC used were 0.05 g for lead and 0.01 g for cadmium;
standard deviation error bars are from 3 replicates.
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3.5.2.3

Sorption equilibrium studies and modeling
Lead and cadmium sorption equilibrium studies at 25, 35, 45 °C were conducted

on both NBC and MBC at pH 5, where adsorbent concentrations were 2 g/L. Isotherms
were examined using the common two parameter Langmuir [40] and Freundlich [41]
isotherms and the three parameter Sips [42], Redlich–Peterson [43], and Toth [44]
isotherms. These models and related equations are summarized in the supporting
information, Table A.4 (Appendix A). The parameters from all the models were
evaluated using nonlinear regression (Origin 2016 software). The Langmuir and
Freundlich two parameter models gave better fits (R2 ˃ 0.99), than the three parameter
Sips, Redlich–Peterson, and Toth models. Three parameter models usually give better
fits, and did so previously compared to two parameter isotherms for salicylic acid and
ibuprofen adsorption by pine wood biochar [27].
Figure 3.7 shows the Langmuir adsorption isotherm plots of the lead and
cadmium adsorbates, and these were used to calculate maximum monolayer adsorption
capacities (Q0 (mg/g)) for each analyte at all three temperatures (25, 35, and 45 °C).
Langmuir adsorption capacities on NBC and MBC, at pH 5 and 45 °C for lead were,
respectively, 39.8 and 26.8 mg/g, at 35 °C, 38.2, and 26.0 mg/g, and at 25 °C, 37.7, and
26.0 mg/g. The cadmium adsorption capacities on NBC and MBC, at pH 5 and 45 °C
respectively, were 16.0 and 11.3 mg/g, at 35 °C, 15.7, and 11.1 mg/g, and at 25°C, 14.6,
and 11.0 mg/g. NBC and MBC monolayer adsorption capacities were higher for lead than
cadmium at all temperatures. This may be due several factors, including the larger size
and softer Lewis acid nature of the Pb2+ ion (1.32 Å) compared to Cd2+ ions (1.03 Å).
This will increase the Pb2+ aquo-cation is ability to interact electrostatically with a higher
78

number of neighboring sites compared to Cd2+, resulting in increased binding strengths
[4]. Other factors that influence bonding are the higher carboxylate salt stabilities of
Pb2+compared to those of Cd2+.
Tables 3.3 and 3.4, compares the NBC and MBC adsorption capacities and faster
uptakes for lead and cadmium removal verses other adsorbents in the literature. The high
capacities of NBC and MBC compare well with other adsorbents. When considering the
low potential cost of NBC and MBC and its exceptionally rapid uptake rates, this
adsorbent is very promising.

Figure 3.7

Langmuir adsorption isotherms on NBC and MBC

(a), (b) for lead and (c), (d) for cadmium at 25, 35, and 45 °C, (adsorbent concentration
was 2 g/L, pH 5)
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Table 3.3

Comparison of adsorption capacities of lead on NBC and MBC with other
adsorbents

Adsorbents

Oak wood char
(Fast pyrolysis, 400 °C, 1 kg/h)

Oak bark char
(Fast pyrolysis, 450 °C, 1 kg/h)

Magnetic oak wood char
(Fast pyrolysis, 400 °C, 1 kg/h)

Magnetic Oak bark char
(Fast pyrolysis, 450 °C, 1kg/h)
Pine wood char
(Fast pyrolysis, 450 °C, 1kg/h)
Pine bark char
(Fast pyrolysis, 400 °C, 1kg/h)
Pine wood char
(Hydrothermal liquifaction,
300 °C, 20 min)
Raw sugarcane bagasse biochar
Anaerobically digested
sugarcane bagasse biochar
Rice husk biochar
(Anaerobically digested)
DAWC (digested dairy waste
biochar)
DWSBC (digested whole sugar
beet biochar)
Activated carbon, F-400

Temp/°C

pH

Equ.
time

Surface
area
(m2/g)

5

24 h

2.04

Total
pore
volume
(cm3/g)

Pb2+
Adsorption
capacity
(mg/g)
0.3

0.73

2.62

5
25
40

11.3

5

14.84

25

5

24 h

25.4

0.86

22.61

25

10.13
5

48 h

6.1

0.81

9.49

45

8.92

25

30.2

35

5

48 h

8.8

0.59

45
25

[9]

13.1

40
35

Ref.

[4]

37.24
55.91

5

24 h

2.73

0.41

4.13
[9]

25

5

24 h

1.88

1.06

25
35

3.89
5

24 h

NA

NA

45
22

4.03

[45]

4.25
NA

24 h

17.7
14.3

NA

25
35

3

6.48
135.4

[46]

1.84
5

24 h

NA

NA

45

2.25

[47]

2.4

22

5

24 h

555.2

0.147

51.38

22

5

24 h

128.5

0.034

40.82

25

5

24 h

984

0.77

30.11
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[47]
[9]

Table 3.3 (Continued)
25
Magnetite nanoparticles

35

52.9
5

24 h

12.7

NA

45
35

37.74
2
min

5

745

0.258

45
35

38.21
39.79

25
MBC (Douglas fir biochar)

[2]

53.1

25
NBC (Douglas fir biochar)

52.8

26.08
2
min

5

45

459

0.158

26.02
26.82

81

This
study

Table 3.4

Comparison of adsorption capacities of cadmium NBC and MBC with
other adsorbents

Adsorbents
Oak wood char
(Fast pyrolysis, 400°C, 1 kg/h)
Oak bark char
(Fast pyrolysis, 450°C, 1 kg/h)
Magnetic oak wood char (Fast
pyrolysis, 400°C, 1 kg/h)

Magnetic Oak bark char (Fast
pyrolysis, 450°C, 1 kg/h)
Pine bark char
(Fast pyrolysis, 400°C, 1kg/h)

Surface
area
(m2/g)

Total
pore
volume
cm3/g

Cd2+
Adsorption
capacity
(mg/g)

Temp/°C

pH

Equ.
time

25

5

24 h

2.04

0.73

0.37

25

5

24 h

25.4

0.86

5.4

25
35

[9]

7.4
5

48 h

6.1

0.81

7.77

45

8.33

25

2.87

35

Ref.

5

48 h

8.8

0.59

45

[4]

2.8
3.04

25

5

24 h

1.88

1.06

0.34

[9]

Activated carbon, F-400
DWSBC (digested whole
sugar beet biochar)
pig manure biochar 400°C

25

5

24 h

984

0.77

8

[9]

22

5

24 h

128.5

48.6

[45]

20

5

2h

15.56

107.08

pig manure biochar 600°C

20

5

2h

15.89

117.01

20

5

2h

2.46

114.75

20

5

2h

8.01

118.4

20

5

2h

8.65

78.19

20

5

2h

11.77

82.3

5

2
min

Dairy cow manure biochar
SB4
Dairy cow manure biochar
SB6
Dairy cow manure biochar
SC4
Dairy cow manure biochar
SC6

25
NBC (Douglas fir biochar)

35
45
25

MBC (Douglas fir biochar)

35
45

5

2
min

82

[48]

14.60
745

0.258

15.72
15.96
11.00

459

0.158

11.07
11.33

This
study

3.5.3

Desorption and recovery of lead and cadmium from NBC and MBC
Desorption and recovery studies were determined by three adsorption and

desorption cycles (Figure 3.8), after adsorption onto both NBC and MBC from solutions
(50 mL) using initial adsorbate concentrations of 250 mg/L for lead and 100 mg/L for
cadmium. NBC and MBC doses of 0.25 g were added into 50 mL metal solutions at pH 5
and 25°C. HCl (0.1 M) aqueous solutions were used as the stripping solvent. HCl was
previously used to successfully strip lead from energy cane biochar [50]. Both metals are
soluble in HCl. At low pH, both protons and metal ions (Pb2+ and Cd2+) compete with
biochar negative sites and with Fe-OH and FeO- sites on iron oxide surface.
Lead adsorption from NBC (Figure 3.8 (a)) of 42.4 mg/g in the first cycle
decreased to 40.5 and 37.3 mg/g, respectively, in the second and third cycles. A similar
trend was observed with cadmium on NBC, (Figure 3.8 (c)), where adsorption is reduced
by a few percent after each cycle. Notably each case, the amount of both lead and
cadmium that was desorbed from NBC in the first cycle was substantially less than that
had been initially adsorbed. This portion that did not desorb seems to be tightly held
throughout. The reason for this strong interaction is not known. During the second and
third cycles, the fraction of metal adsorbed in that cycle, which then desorbed, increases
for NBC with both Pb2+ and Cd2+. The amount of tightly held Pb2+ and Cd2+ on MBC is
less than that on NBC, due to the lower biochar surface area of MBC and its lower
biochar wt. fraction.
Lead and cadmium adsorption from MBC (Figure 3.8 (b)) also decreased in each
cycle (30.7 > 29.4 > 26.16 mg/g for Pb2+ and 11.4 >10.4 > 9.1 for Cd2+). MBC desorption
is more complete with each cycle and the amount desorbed by MBC is closer to the
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amount adsorbed in each cycle than for NBC. Lead desorption from MBC was > 75%
versus 41% from NBC in the first cycle. Cadmium desorption in the first cycle was 87%
from MBC versus 41% from NBC.

Figure 3.8

Adsorption-desorption cycles of lead and cadmium from NBC and MBC at
25 °C

An adsorbent amount of 5 g/L and an adsorbate concentration 250 mg/L for lead and 100
mg/L for cadmium at pH 5 were used; the desorption solvents used were 0.1 M HCl (10
mL × 5) and water (10 mL). Error bars related to SD of 3 replicates.
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3.6

Application of NBC and MBC in lake water treatment
The efficiency of NBC and MBC in an authentic environmental water system was

investigated by collecting water from Oktibbeha County Lake, Starkville, MS 39759.
Lake water samples were filtered through MF-Millipore (0.22 μm, GSWP04700) filter
paper and pH was measured (pH ~6.4) [49]. Lake and distilled water samples were
spiked with 250 mg/L of Pb2+, 100 mg/L of Cd2+, and a mixture of Pb2+ and Cd2+( 250
mg/L Pb2+ + 100 mg/L Cd2+), at 25 °C, to compare the affinity of metals to the biochar
surface. NBC and MBC doses of 0.25 g were then added to each of the 25 mL spiked
water samples, followed by vortexing for 2 min and analysis of the supernatant using
AAS.
Figure 3.9 (a) compares the adsorption capacities for lead and the lead/cadmium
mixture on both NBC and MBC in the lake water versus and distilled water. In lake
water, adsorption capacities of lead (from a 250 mg/L solution) modestly decreased 11.6
% and 4.8 % for NBC and MBC, respectively, versus their capacities in distilled water.
The decreased of adsorption capacity in lake water may be due to other interfering
adsorbates [50]. A similar decrease was observed with the mixed ions (250 ppm lead +
100 mg/L cadmium). The adsorption capacities for cadmium (100 mg/L) were decreased
2.9 % and 7.1 % in lake water vs distilled water for NBC and MBC, respectively (Figure
3.9 (b)). The adsorption drops from the mixed ion solution (250 ppm lead + 100 mg/L
cadmium) was 5.7 % and 9.8 % for NBC and MBC. These adsorption losses due to
competition on NBC and MBC are far less than those found for organic compounds in
our previous work on these adsorbents (Karunanayake et al. [23]).
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Figure 3.9

Comparison of the adsorption of lead and cadmium in distilled water and
lake water, both at pH 6.4 at 25 °C

NBC and MBC doses of 5 g/L, metal concentration was 250 mg/L for lead, 100 mg/L for
cadmium, and lead/cadmium solution (250 mg/L lead + 100 mg/L cadmium for the lead
and cadmium solution), error bars related to 3 replicates.
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3.7

Conclusions
Douglas fir fast pyrolysis biochar (NBC) and magnetic Fe3O4-modified Douglas

fir biochar (MBC) were characterized and successfully used to remove lead and cadmium
from aqueous solution. Both NBC and MBC have the high surface areas, pore volumes
and pore sizes, versus four other biochars that were studied (C1BC, MC2BC, PWBC and
MSGBC). Also, NBC and MBC, had higher adsorption capacity, compared to all the
other biochar adsorbents. The unique production process used to make NBC generates
this unique feature. Adsorption of lead and cadmium were favored at high pH values.
Adsorption of both metals were increased on NBC and MBC with an increase in
temperature. The maximum Langmuir adsorption capacities at pH 5 and 45 °C for lead
and cadmium were ~40 and ~16 mg/g for NBC and ~27 and ~11 mg/g for MBC,
respectively. The two parameter Langmuir and Freundlich two parameter mode models
gave better fits (R2 ˃ 0.97) versus other models. The high uptake rate and high adsorption
capacity features NBC would be suitable for continuous columns. MBC would be
advantageous for batch processes where magnetic removal would avoid slow filtration.
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3KRVSKRUXVLVDQHVVHQWLDOSULPDU\QXWULHQWIRUSKRWRV\QWKHWLFRUJDQLVPVLQ

DTXDWLFHQYLURQPHQWVDQGLVQDWXUDOO\SUHVHQWLQORZFRQFHQWUDWLRQV(QYLURQPHQWDO
DTXHRXVV\VWHPVFRQWDLQSKRVSKRUXVSULPDULO\DVSKRVSKDWHV>@3KRVSKDWHVDUHD
PDMRUFDXVHRIHXWURSKLFDWLRQVLQFHLWLVRIWHQWKHOLPLWLQJQXWULHQWIRUH[SORVLYHJURZWK
RIRUJDQLVPV3KRVSKDWHVDWFRQFHQWUDWLRQVDVORZDVȝJ/FDQFDXVHZDWHUTXDOLW\
SUREOHPVDVVRFLDWHGZLWKHXWURSKLFDWLRQ>@(XWURSKLFDWLRQFDQEHGHILQHGDVWKHGHQVH
JURZWKRIEOXHJUHHQDOJDHDQGK\DFLQWKOLNHSODQWVDQGWKHUHVXOWLQJVKRUWDQGORQJWHUP
HIIHFWVRQWKHHFRORJLFDOEDODQFHRIWKHZDWHUVDIIHFWHGEURXJKWRQE\WKHH[FHVVLYH
ULFKQHVVRIQXWULHQWVLQQDWXUDOZDWHUV
&\DQREDFWHULDOEORRPVDUHFDSDEOHRIUHOHDVLQJVROXEOHQHXURWR[LQVDQG
KHSDWRWR[LQVZKHQWKH\GLHRUDUHLQJHVWHG7KHVHFRPSRXQGVFDQNLOOOLYHVWRFNDQG
FDXVHVHYHUHKD]DUGRXVKHDOWKHIIHFWVWRKXPDQV>@'HOHWHULRXVLPSDFWVRQ
DTXDFXOWXUHLVDQRWKHUFRQVHTXHQFHRIHXWURSKLFDWLRQ%ORRPVDUHFDSDEOHRIFDXVLQJ
VKHOOILVKSRLVRQLQJLQKXPDQV>@'HQVHDOJDHFDQDOVRDIIHFWZDWHUWUHDWPHQWIRUSRWDEOH
VXSSO\E\IRUPLQJWULKDORPHWKDQHGXULQJZDWHUFKORULQDWLRQLQWUHDWPHQWSODQWV>@7KH\
FDQEORFNILOWHUVRUSDVVWKURXJKWKHPFDXVLQJDIRXORGRUDQGXQSOHDVDQWWDVWH>@
,WZDVUHSRUWHGWKDWDW\SLFDOUDZGRPHVWLFZDVWHZDWHUKDVDWRWDOSKRVSKRUXV
FRQFHQWUDWLRQRIDSSUR[LPDWHO\PJ/>@7KHUHDUHQXPHURXVSRLQWDQGQRQSRLQW
VRXUFHVRIHQYLURQPHQWDOSKRVSKDWHV3RLQWVRXUFHVFDQEHDJULFXOWXUDOLQGXVWULDODQG
KRXVHKROG6RPHRIWKHPDUH  ZDVWHZDWHUHIIOXHQWV  UXQRIIDQGOHDFKDWHIURPZDVWH



GLVSRVDOVLWHVDQLPDOIHHGORWVFRQVWUXFWLRQVLWHVDQGXQVHZHUHGLQGXVWULDOVLWHV  
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LQFOXGH  DJULFXOWXUDOUXQRII  XUEDQUXQRIIIURPXQVHZHUHGDUHDV  ZHWODQG
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WKHHIIOXHQWVIURPPXQLFLSDOWUHDWPHQWSODQWVGLVFKDUJLQJWRWKHODNHVVKRXOGFRQWDLQD
PD[LPXPRIOPJ/RISKRVSKRUXVLQWKHXSSHUODNHVDQGPJ/SKRVSKRUXVLQWKH
ORZHUODNHV>@
6RUSWLYHUHPRYDORISKRVSKDWHVKDVEHHQGRQHXVLQJLURQR[LGHWDLOLQJV>@IO\
DVK>@FDUERQDFHRXVPDWHULDOVXFKDVELRFKDU %& DQGDFWLYDWHGFDUERQ>@DQG
OD\HUHGGRXEOHK\GUR[LGHV>@8WLOL]DWLRQRIQDWXUDOVRUEHQWVLQFOXGLQJFDOFLWH>@
DOXQLWH>@UHGPXG>@DQGGRORPLWHVKDVDOVREHHQUHSRUWHG2WKHUWHFKQLTXHVVXFKDV
LRQH[FKDQJHPHWKRGV>@DQGHOHFWURFRDJXODWLRQ>@KDYHDOVREHHQFDUULHGRXWIRU
SKRVSKDWHUHPRYDO
%LRFKDUFDQEHDQH[FHOOHQWVRUEHQWGXHWRLWVDYDLODELOLW\ORZFRVWDQGLWV
HQYLURQPHQWDOO\IULHQGOLQHVV7KH)H2PRGLILHGELRFKDUDEVRUEHQWVSUHVHQWHGKHUHIRU
SKRVSKDWHDGVRUSWLRQKDYHSUHYLRXVO\EHHQXVHGIRUWKHUHPRYDORISKDUPDFHXWLFDOV
&KDSWHU DQGPHWDOV &KDSWHU IURPZDWHU .DUXQDQD\DNHHWDO>@ ,QWKHVH
FDVHVWKHELRFKDUVXUIDFHVZHUHWKHSULPDU\ORFDWLRQIRUDGVRUSWLRQ,QWKLVVWXG\ZH
LQYHVWLJDWHWKHDELOLW\RIPDJQHWLF'RXJODVILUELRFKDUWRUHPRYHSKRVSKDWHIURPDTXHRXV



VROXWLRQVZKHUHWKH)H2GHSRVLWHGRQWKHFKDULVWKHSULPDU\VLWHRIDGVRUSWLRQ7KH
DGVRUSWLRQEHKDYLRURISKRVSKDWHDWGLIIHUHQWFRQFHQWUDWLRQVWHPSHUDWXUHVDQGS+YDOXHV
LVUHSRUWHG



0DWHULDOVDQGPHWKRGV
0DWHULDOV
$VWRFNVROXWLRQRIPJ/ 32 SKRVSKDWHZDVPDGHE\GLVVROYLQJ

SRWDVVLXPSKRVSKDWHPRQREDVLFDQK\GURXV.+32 6LJPD$OGULFK LQGHLRQL]HG
ZDWHU 0LOOLSRUH4ZDWHUV\VWHP 7KHS+ZDVDGMXVWHGXVLQJHLWKHU1+&ORU1
1D2+XVLQJDS+PHWHU +$11$LQVWUXPHQW+,S+253PHWHU 3KRVSKDWH
FRQFHQWUDWLRQVZHUHGHWHUPLQHGE\WKHDVFRUELFDFLGPHWKRG /R]DQR&DOHURHWDO>@ 
XVLQJDGRXEOHEHDP899LVLEOHVSHFWURSKRWRPHWHU $&6 $GVRUSWLRQ
VWXGLHVZHUHFDUULHGRXWLQVLGHDVWDWLFZDWHUEDWK %8&+, DQGDYRUWH[PL[HU
6FLHQWLILF,QGXVWULHV7 ZDVXVHGWRVWLUWKHVDPSOHV


3UHSDUDWLRQRIPDJQHWLF'RXJODVILUELRFKDU
7KHVDPHPDJQHWLF'RXJODVILUELRFKDUSUHSDUHGLQ&KDSWHUVDQGZDVXVHG



&KDUDFWHUL]DWLRQRIWKHPDJQHWLF'RXJODVILUELRFKDU
&KDUDFWHUL]DWLRQRI'RXJODVILUELRFKDU 1%& DQGPDJQHWLF'RXJODVILUELRFKDU

0%& ZDVGHVFULEHGLQ&KDSWHUVDQG


6RUSWLRQVWXGLHV
%DWFKVRUSWLRQVWXGLHVIRU1%&DQG0%&ELRFKDUZHUHSHUIRUPHGE\YDU\LQJ

SKRVSKDWHFRQFHQWUDWLRQVIURP±PJ/DWDQG&XVLQJGHLRQL]HG
ZDWHUIURPD0LOOLSRUH4ZDWHUV\VWHPDWS+$NQRZQDPRXQWRI1%&RU0%&ZDV



DGGHGWRP/DPEHUJODVVYLDOVHDFKFRQWDLQLQJP/DGVRUEDWHVROXWLRQVRIGLIIHUHQW
FRQFHQWUDWLRQV7KHVHZHUHYRUWH[HGEHWZHHQDQGPLQ(TXLOLEULXPZDVDFKLHYHGLQ
RQO\PLQIRU0%&DQG1%&1RIXUWKHUXSWDNHRFFXUUHGEHWZHHQWRPLQ0%&
ZDVUHPRYHGIURPVROXWLRQPDJQHWLFDOO\ZKLOH1%&ZDVUHPRYHGXVLQJILOWUDWLRQ
:KDWPDQILOWHUSDSHU1R 7KHSKRVSKDWHFRQFHQWUDWLRQVUHPDLQLQJLQWKHILOWUDWHZHUH
GHWHUPLQHGXVLQJ899LVLEOHVSHFWURVFRS\ DVFRUELFDFLGPHWKRG/R]DQR&DOHURHWDO
>@ 7KHSKRVSKDWHDGVRUSWLRQSHUXQLWRIDGVRUEHQW TH ZDVFDOFXODWHGXVLQJWKH
IROORZLQJHTXDWLRQ
ୣ ൌ  ሺిబషిሻ





+HUH&RDQG&H PJJ DUHLQLWLDODQGHTXLOLEULXPSKRVSKDWHFRQFHQWUDWLRQVLQ
WKHVROXWLRQ9 / LVWKHVROXWLRQYROXPHDQG0 J LVWKHWRWDOPDVVRIDGVRUEHQWDGGHG
$OOWKHH[SHULPHQWVZHUHFDUULHGRXWWKUHHWLPHVDQGWKHVWDQGDUGGHYLDWLRQHUURUEDUVLQ
WKHJUDSKVDUHGXHWRUHSOLFDWHV
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&KDUDFWHUL]DWLRQRIWKHPDJQHWLFDQGQRQPDJQHWLF'RXJODVILUELRFKDUVZHUH

GLVFXVVHGLQ&KDSWHUVDQG


6RUSWLRQVWXGLHV



(IIHFWRIVROXWLRQS+RQSKRVSKDWHDGVRUSWLRQDQGUHPRYDOPHFKDQLVP

7KHHIIHFWRIVROXWLRQS+RQDGVRUSWLRQRISKRVSKDWHDW&ZDVVWXGLHGIURP
S+XVLQJ0%&DQG1%&GRVHVRIJ/ )LJXUH 7KHFRQFHQWUDWLRQVIRU
SKRVSKDWHVROXWLRQVZHUHPJ/7KHSHUFHQWDJHRIUHPRYDORISKRVSKDWHDGVRUEHG


RQWR0%&GHFUHDVHIURPaWRS+,QFRQWUDVWKDUGO\DQ\SKRVSKDWH
UHPRYDORFFXUUHGRQ1%&RYHUWKHHQWLUHS+UDQJHV&OHDUO\WKHLURQR[LGHVXUIDFHLVWKH

3HUFHQWSKRVSDWHUHPRYDO

PDLQVXUIDFHDGVRUEHQWIRUSKRVSKDWHUHPRYDO
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(IIHFWRIVROXWLRQS+RQSKRVSKDWHDGVRUSWLRQRQ'RXJODVILUELRFKDU
1%& DQG)H 2PRGLILHGPDJQHWLF'RXJODVILUELRFKDU 0%& 

3KRVSKDWHFRQFHQWUDWLRQZDVPJ/WRWDOYROXPHZDVP/PDVVRI1%&DQG0%&
XVHGZHUHJVWDQGDUGGHYLDWLRQHUURUEDUVDUHIURPUHSOLFDWHV
7KHLQWHUDFWLRQRISKRVSKDWHZLWK0%&LVS+GHSHQGHQW0%&KDVVXUIDFHLURQ
K\GUR[LGHVSHFLHVWKDWSURWRQDWHGXHWRVSHFLDWLRQRI.+32ZLWKS+7KHWKUHH
GLVVRFLDWLRQFRQVWDQWVIRU+32DUHS.D S.D DQGS.D ,QWKHS+
UDQJHGRPLQDQWVSHFLHVDUH+32DQG+32S+UDQJHDUH+32DQG
+32DQGS+±DUH+32 DQG32 )LJXUH 
7KHVXUIDFHRIWKHLURQR[LGHSDUWLFOHLVFRYHUHGZLWKK\GUR[\OJURXSVLQDTXHRXV
VROXWLRQV$FFRUGLQJWR&RUQHOODQG6FKZHWPDQQPDJQHWLWHFDQIRUPVXUIDFH)H
>)H2+@>)H 2+ @DQG>)H 2+ @IXQFWLRQVGHSHQGLQJRQS+>@7KHDFLG


GLVVRFLDWLRQFRQVWDQWS.DRIPDJQHWLWHLVFORVHWRa%HORZS+ DFLGLFVROXWLRQV 
)HDQG>)H2+@DUHWKHGRPLQDQWIXQFWLRQDOJURXSVDQGLQEDVLFVROXWLRQV
>)H 2+ @DQG>)H 2+ @VSHFLHVDUHWKHGRPLQDQWIRUPV>@7KHVHSRVLWLYH
VXUIDFHVLWHVDWWUDFWQHJDWLYHSKRVSKDWHLRQVZKLFKOHDGVWRKLJKHUDGVRUSWLRQDWORZS+
WR IRU0%&$WKLJKS+WKHGRPLQDQWIXQFWLRQDOJURXSRIWKHLURQR[LGHVXUIDFH
ZRXOGEH>)H 2+ @DQG>)H 2+ @7KHGHFUHDVHLQVXUIDFHSRVLWLYHFKDUJHDQG
LQFUHDVHLQQHJDWLYHVXUIDFHFKDUJHUHSHOWKH+32+32GHFUHDVLQJWKHSKRVSKDWH
DGVRUSWLRQDVS+ULVHV






)UDFWLRQDOFRPSRVLWLRQYVS+IRUSKRVSKRULFDFLG>@

6RUSWLRQHTXLOLEULXPVWXGLHVDQGPRGHOLQJ

3KRVSKDWHVRUSWLRQHTXLOLEULXPVWXGLHVDW&ZHUHFRQGXFWHGRQ)H2
PRGLILHGPDJQHWLF'RXJODVILUELRFKDUDWS+ 0%&FRQFHQWUDWLRQVZHUHJ/ 
,VRWKHUPVZHUHH[DPLQHGXVLQJWKHFRPPRQWZRSDUDPHWHU /DQJPXLU>@DQG



)UHXQGOLFK>@LVRWKHUPVDQGWKHWKUHHSDUDPHWHU6LSV>@5HGOLFK±3HWHUVRQ>@DQG
7RWK>@LVRWKHUPV )LJXUH 7KHSDUDPHWHUVIURPDOOWKHPRGHOVZHUHHYDOXDWHG
XVLQJQRQOLQHDUUHJUHVVLRQ 2ULJLQVRIWZDUH 7DEOHVXPPDUL]HVWKHLVRWKHUP
PRGHOSDUDPHWHUVDQGWKHUHJUHVVLRQFRHIILFLHQWVGHWHUPLQHGIURPWKHH[SHULPHQWDOGDWD
7KH/DQJPXLUDQG)UHXQGOLFKWZRSDUDPHWHUPRGHOVJDYHEHWWHUILWV 5 ޓYHUVXV
WKHWKUHHSDUDPHWHU6LSV5HGOLFK±3HWHUVRQDQG7RWKPRGHOV)LJXUH D VKRZVWKH
/DQJPXLUDGVRUSWLRQLVRWKHUPSORWVRIWKHSKRVSKDWHDGVRUEDWHDQGWKHVHZHUHXVHGWR
FDOFXODWHPD[LPXPPRQROD\HUDGVRUSWLRQFDSDFLWLHV 4 PJJ DWWKUHHGLIIHUHQW
WHPSHUDWXUHV/DQJPXLUDGVRUSWLRQFDSDFLWLHVRQ0%&DWS+DQGDQG&
UHVSHFWLYHO\ZHUHDQGPJJ
3KRVSKDWHDGVRUSWLRQRQWR0%&LQFUHDVHGDVWKHWHPSHUDWXUHURVHLQGLFDWLQJWKDW
WKHSURFHVVLVVOLJKWO\HQGRWKHUPLF>@,QFUHDVLQJWHPSHUDWXUHPD\LQFUHDVHGLIIXVLRQ
LQWRWKHFKDUEHORZWKHSDUWLFOHVXUIDFHDOORZLQJVRPHZKDWPRUHSHQHWUDWLRQLQWRVPDOO
PLFURSRUHV>@
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$SSOLFDWLRQRIPDJQHWLF'RXJODVILUELRFKDULQODNHZDWHUWUHDWPHQW
7KHHIILFLHQF\RI0%&LQDQDXWKHQWLFHQYLURQPHQWDOZDWHUV\VWHPZDV

LQYHVWLJDWHGE\FROOHFWLQJZDWHUIURP2NWLEEHKD&RXQW\/DNH6WDUNYLOOH06
/DNHZDWHUVDPSOHVZHUHILOWHUHGWKURXJK0)0LOOLSRUH P*6:3 ILOWHU
SDSHUDQGS+ZDVPHDVXUHG S+a >@/DNHDQGGLVWLOOHGZDWHUVDPSOHVZHUH
VSLNHGZLWKPJ/RISKRVSKDWHDW&0%&GRVHVRIJZHUHWKHQDGGHGWRHDFK
RIWKHP/VSLNHGZDWHUVDPSOHVIROORZHGE\YRUWH[LQJIRUPLQ3KRVSKDWHOHYHOV
ZHUHGHWHUPLQHGE\WKHDVFRUELFDFLGPHWKRG>@XVLQJ899LVLEOHVSHFWURSKRWRPHWU\
/DNHZDWHUDQGGLVWLOOHGZDWHUZHUHVXEVHTXHQWO\DGMXVWHGWRS+DQGWKHDERYH
SURFHGXUHUHSHDWHGDJDLQ
)LJXUHFRPSDUHVWKHDGVRUSWLRQFDSDFLWLHVIRUSKRVSKDWHVXVLQJ0%&LQODNH
ZDWHUDQGGLVWLOOHGZDWHU7KHDGVRUSWLRQFDSDFLWLHVRISKRVSKDWHVROXWLRQVLQODNHZDWHU


GHFUHDVHGDWS+E\DQGDWS+E\UHVSHFWLYHO\FRPSDUHGWRLQ
GLVWLOOHGZDWHU7KHGHFUHDVHGDGVRUSWLRQFDSDFLW\LQODNHZDWHUPD\EHGXHWRRWKHU
LQWHUIHULQJDGVRUEDWHV>@




&RPSDULVRQRIWKHDGVRUSWLRQRISKRVSKDWHLQGLVWLOOHGZDWHUDQGODNH
ZDWHUERWKDWS+DQGDOVRDWS+DW&

0%&FRQFHQWUDWLRQRIJ/SKRVSKDWHFRQFHQWUDWLRQZDVPJ/HUURUEDUVUHODWHG
WR6'RIUHSOLFDWHV


&RQFOXVLRQV
0DJQHWLF'RXJODVILUELRFKDUZDVFKDUDFWHUL]HGDQGVXFFHVVIXOO\XVHGWRUHPRYH

SKRVSKDWHIURPDTXHRXVVROXWLRQ$GVRUSWLRQRISKRVSKDWHZDVIDYRUHGDWORZS+YDOXHV
7KHPD[LPXP/DQJPXLUDGVRUSWLRQFDSDFLWLHVS+DQGDWDQG&UHVSHFWLYHO\
ZHUHDQGPJJIRUWKH)H2PRGLILHGELRFKDU7KH/DQJPXLUDQG
)UHXQGOLFKWZRSDUDPHWHUPRGHPRGHOVJDYHEHWWHUILWV 5 ޓYHUVXVRWKHUPRGHOV
'XHWRLWVKLJKXSWDNHDQGDGVRUSWLRQFDSDFLW\IHDWXUHV)H2PRGLILHG'RXJODVILU
ELRFKDUZRXOGEHDGYDQWDJHVIRUEDWFKSURFHVVHVZKHUHPDJQHWLFUHPRYDOZRXOGDYRLG
VORZILOLDWLRQ
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$EVWUDFW
$GVRUSWLRQVWXGLHVRIVDOLF\OLFDFLG 6$ DQGQLWURDQLOLQH 1$ IURPDTXHRXV

VROXWLRQVZHUHSHUIRUPHGZLWK0DJQHWLF%LRFKDU 0%& LQRUGHUWRWUDLQVWXGHQWVLQ
DQDO\WLFDOWHFKQLTXHVVXFKDVVWDQGDUGFDOLEUDWLRQFXUYHV899LVVSHFWURSKRWRPHWU\DQG
FKHPLFDOVHSDUDWLRQVZLWKLQWKHFRQWH[WRIZDVWHZDWHUSXULILFDWLRQ$QDO\VLVRIVDPSOHV
SXULILHGE\0%&HQKDQFHVVWXGHQWXQGHUVWDQGLQJRIZDWHUTXDOLW\DQGWKHLPSRUWDQFHRI
SRWDEOHZDWHUSURGXFWLRQDJURZLQJZRUOGZLGHFRQFHUQ0%&ZDVSUHSDUHGE\LURQ
R[LGHSUHFLSLWDWLRQRQWRWKHELRFKDUVXUIDFHXVLQJDQDTXHRXV)H)HVROXWLRQIROORZHG
E\1D2+WUHDWPHQW0%&HIIHFWLYHQHVVLQUHPRYLQJRUJDQLFFRQWDPLQDQWVIURPZDWHU
ZDVHYDOXDWHGXVLQJ899LVVSHFWURVFRS\%HHU¶VODZDQGFRPSDULVRQWRVWDQGDUG
FDOLEUDWLRQFXUYHVZKLOHGHWHUPLQLQJWKHFRQFHQWUDWLRQVRIWZRFRQWDPLQDQWFRPSRXQGV
7KHXVHRI0%&WRUHPRYHRUJDQLFFRQWDPLQDQWVLQZDWHUKLJKOLJKWVWKHHIIHFWLYHQHVVRI
WKLVWHFKQLTXHIRUZDVWHZDWHUUHPHGLDWLRQDQGSURPSWGLVFXVVLRQRIZDWHUTXDOLW\
FRQFHUQVZLWKXQGHUJUDGXDWHVWXGHQWV






9LVXDOREVHUYDWLRQRIVRUSWLRQRIQLWURDQLOLQHRQWRPDJQHWLFELRFKDU




,QWURGXFWLRQ
:DVWHZDWHUSROOXWLRQE\RUJDQLFFRQWDPLQDQWVLVDQHPHUJLQJFRQFHUQEHFDXVHRI

SRWHQWLDOKHDOWKLPSDFWV>@5HPRYLQJWKHVHFRQWDPLQDQWVIURPDTXHRXVVROXWLRQWR
LPSURYHZDWHUTXDOLW\DQGPDNHZDWHUSRWDEOHKDVEHFRPHDQLQFUHDVLQJIRFXVLQERWK
WKHFKHPLFDOLQGXVWU\DQGLQDFDGHPLFUHVHDUFK$FFRUGLQJWRWKH*5$&(
&RPPXQLFDWLRQV)RXQGDWLRQWKH86UHOLHVRQSXEOLFZDWHUV\VWHPVWRWUHDWDQGGHOLYHU
RYHUELOOLRQJDOORQVRIFOHDQZDWHUHDFKGD\>@(YHQZLWKZDVWHZDWHUV\VWHPVDEOH
WRGHOLYHUODUJHTXDQWLWLHVRIFOHDQUHF\FOHGZDWHULWLVHVWLPDWHGWKDWE\WKH\HDU
ELOOLRQSHRSOHZLOOOLYHLQUHJLRQVSODJXHGE\ZDWHUVFDUFLW\DQGWZRWKLUGVRIWKH
ZRUOG¶VSRSXODWLRQZLOOOLYHLQZDWHUVWUHVVHGUHJLRQV>@
8QGHUJUDGXDWHVWXGHQWH[SRVXUHWRZDWHUTXDOLW\LVVXHVDQGPHWKRGVRI
FRQWDPLQDQWUHPRYDOHQKDQFHVXQGHUVWDQGLQJRILPSRUWDQWHQYLURQPHQWDOLVVXHV
/DERUDWRU\DFWLYLWLHVWKDWFRQFHQWUDWHRQZDWHUWUHDWPHQWDQGSXULW\W\SLFDOO\HPSKDVL]H
ILOWUDWLRQWHFKQLTXHVDQGWKHPHDVXUHPHQWRIS+RUZDWHUKDUGQHVV>@ZLWKPDQ\RIWKH



H[SHULPHQWVIRFXVHGWRZDUG.VWXGHQWV>@7KHXVHRIPRUHDGYDQFHGZDWHU
TXDOLW\DQDO\VHVLQWKHXSSHUGLYLVLRQODERUDWRU\KDVEHHQODFNLQJDQGQHHGVWREH
DGGUHVVHGLQFKHPLVWU\FXUULFXODWRUHIOHFWFXUUHQWHQYLURQPHQWDOFRQFHUQV7KLVJUHHQ
H[SHULPHQWIRUWKHXSSHUGLYLVLRQXQGHUJUDGXDWHODERUDWRU\KDVEHHQGHVLJQHGXVLQJD
ORZFRVWVXVWDLQDEOHELRFKDUDGVRUEHQWIRUWKHUHPRYDORIRUJDQLFSROOXWDQWVDWWKHSDUWV
SHUPLOOLRQOHYHO6DOLF\OLFDFLG 6$ DQGQLWURDQLOLQH 1$ DUHXVHGDVWZRH[DPSOH
RUJDQLFSROOXWDQWV$QDO\VLVRIWKHUHPRYDOHIILFLHQF\RIPDJQHWL]HGELRFKDU 0%& 
XVLQJ899LVVSHFWURVFRS\DQG%HHU¶VODZH[SRVHVVWXGHQWVWRDQDO\WLFDOLQVWUXPHQWV
DQGWKHRU\ZLWKLQWKHFRQWH[WRIZDWHUTXDOLW\
6DOLF\OLFDFLGZDVFKRVHQIRUWKLVH[SHULPHQWDVDVSLULQLVDZLGHO\XVHGRYHUWKH
FRXQWHUGUXJDQGLWVPHWDEROLWHVFDQFRQWDPLQDWHWKHHQYLURQPHQW'HDFHW\ODWLRQRI
DFHW\OVDOLF\OLFDFLG DVSLULQ SURGXFHVVDOLF\OLFDFLGDVDQDFWLYHPHWDEROLWHRIWHQIRXQGLQ
LQGXVWULDOHIIOXHQWDWOHYHOVXSWRJ/>@1LWURDQLOLQHLVDV\QWKHWLFSUHFXUVRUWR
SKDUPDFHXWLFDOVG\HVDQGSHVWLFLGHVDQGLVDFRPPRQZDVWHZDWHUFRQWDPLQDQW>@,Q
KLJKFRQFHQWUDWLRQVWKHVHSRWHQWLDOFRQWDPLQDQWVFDQKDYHGHWULPHQWDOHQYLURQPHQWDO
HIIHFWVDV1$LVLPSOLFDWHGDVDFDUFLQRJHQZKLOH6$FDQKDYH[HQRHVWURJHQLFHIIHFWV
2UJDQLFFRQWDPLQDQWVVXFKDVWKHVHPXVWEHUHPRYHGEHIRUHWUHDWHGZDVWHZDWHULV
UHWXUQHGWRWKHHQYLURQPHQW
0XQLFLSDOZDVWHZDWHUWUHDWPHQWVIRUSKDUPDFHXWLFDOSURGXFWVFDQEHH[SHQVLYH
&XUUHQWPXQLFLSDOWHFKQLTXHVWRUHPRYHSKDUPDFHXWLFDOFRQWDPLQDQWVLQZDWHUDQG
ZDVWHZDWHUDUHFRDJXODWLRQDQGIORFFXODWLRQPHPEUDQHSXULILFDWLRQDGYDQFHGR[LGDWLRQ
SURFHVVHVELRORJLFDOWUHDWPHQWVLRQH[FKDQJHDGVRUSWLRQWHFKQRORJLHVDQGPDJQHWLF




VHSDUDWLRQ>@$FWLYDWHGFDUERQLVWKHPDLQPDWHULDOXVHGLQDGVRUSWLRQKRZHYHUWKLV
H[SHULPHQWXVHV0%&DVLWRIIHUVVLJQLILFDQWDGYDQWDJHVLQFRVWDQGHDVHRIUHPRYDO
%LRFKDULVDORZFRVWDGVRUEHQWWKDWFDQEHXVHGIRUZDWHUDQGZDVWHZDWHU
SXULILFDWLRQ,WLVSURGXFHGIURPELRPDVVVXFKDVZRRGOHDYHVRUPDQXUHZKHQLWLV
KHDWHGLQDFRQWDLQHUZLWKOLWWOHRUQRDYDLODEOHDLU7KHUPDOSURFHVVLQJRIELRPDVV
LQFOXGLQJJDVLILFDWLRQDQGS\URO\VLVSURGXFHVELRFKDUDVDVHFRQGDU\PDWHULDO>@
%LRFKDUFRQWDLQVK\GUR[\OFDUER[\OLFDFLGNHWRQHDQGHWKHUIXQFWLRQDOJURXSVRQLWV
VXUIDFH
6HYHUDOPHFKDQLVPVFDQWDNHSODFHRQWKHELRFKDUVXUIDFHLQFOXGLQJHOHFWURVWDWLF
UHSXOVLRQLQWHUDFWLRQVK\GURJHQERQGLQJGRQRUDFFHSWRUFRPSOH[IRUPDWLRQ
ROLJRPHUL]DWLRQRISKHQROVDQGRWKHUVZLWKPDQ\RIWKHVHPHFKDQLVPVEHLQJS+
GHSHQGHQW7KHWRWDOVXUIDFHDUHDRIWKHELRFKDUDOVRSOD\VDPDMRUUROHLQDGVRUSWLRQRI
FRQWDPLQDQWV)ROORZLQJPDJQHWL]DWLRQWKHELRFKDUVXUIDFHDUHDGHFUHDVHVSHUXQLWPDVV
>@7KLVKDSSHQVEHFDXVHWKHPDJQHWL]HGELRFKDUKDVORZHUSHUFHQWFDUERQWKDQWKH
QRUPDOELRFKDUDQGEHFDXVHWKHLURQR[LGHSUHFLSLWDWHFDQFORJH[LVWLQJELRFKDUSRUHV
7KHELRFKDUPDWHULDOVFDQEHPDQXIDFWXUHGLQDQ\UHJLRQWKDWSURGXFHVDQDEXQGDQFHRI
ELRPDVVDQGWKHUHIRUHFDQEHDORZFRVWHQWLUHO\JUHHQDOWHUQDWLYHWRPRUHWUDGLWLRQDO
ZDWHUSXULILFDWLRQPDWHULDOV:KHQELRFKDULVPDJQHWL]HGLWVVHSDUDWLRQIURPDQDTXHRXV
HQYLURQPHQWLVIDVWDQGHIILFLHQWDVWKHDGVRUEHQWDQGDWWDFKHGRUJDQLFVFDQEHUHPRYHG
YLDPDJQHW
,QWKLVXSSHUGLYLVLRQXQGHUJUDGXDWHODERUDWRU\VWXGHQWVXVHDVWDQGDUG
FDOLEUDWLRQFXUYHWRTXDQWLI\ERWKVDOLF\OLFDFLGDQGQLWURDQLOLQHFRQFHQWUDWLRQVYLD89
9LVVSHFWURSKRWRPHWU\'LIIHUHQWPDVVHVRI0%&DUHWKHQDGGHGWRVDPSOHVROXWLRQVWR



DGVRUEVDOLF\OLFDFLGDQGQLWURDQLOLQHIURPWKHDTXHRXVPL[WXUH0%&LVUHPRYHGDIWHU
PL[LQJYLDDPDJQHWDQGVDPSOHDEVRUEDQFHLVPHDVXUHG&DOFXODWLRQVXWLOL]LQJ%HHU¶V
/DZDUHXVHGWRTXDQWLI\6$DQG1$FRQFHQWUDWLRQVLQHDFKVDPSOH6WXGHQWVWKHQ
DVVHVVWKHHIIHFWLYHQHVVRI0%&LQFRQWDPLQDQWUHPRYDO
7KHH[SHULPHQWLQWURGXFHVQHZDQGLQWHUHVWLQJDSSURDFKHVWRZDWHUSXULILFDWLRQ
DVZHOODVGHHSHQVWKHVWXGHQW¶VXQGHUVWDQGLQJRISUHVHQWHQYLURQPHQWDOFRQFHUQV
UHJDUGLQJSKDUPDFHXWLFDOFRQWDPLQDQWVLQZDVWHZDWHU6WXGHQWVOHDUQYDOXDEOHDQDO\WLFDO
ODERUDWRU\VNLOOVVXFKDVVWDQGDUGFDOLEUDWLRQFXUYHVXWLOL]DWLRQRI899LVVSHFWURVFRS\
DQG%HHU¶VODZWRGHWHUPLQHFRQFHQWUDWLRQRIDQXQNQRZQ7KLVH[SHULPHQWUHLQIRUFHV
JUHHQFKHPLFDOWHFKQLTXHVZLWKDIRFXVWRZDUGZDWHUTXDOLW\



([SHULPHQWDORYHUYLHZ
3UHSDUDWLRQRIPDJQHWLFELRFKDUDQGVWDQGDUGV
0%&LVSUHSDUHGDFFRUGLQJWRWKHPHWKRGJLYHQE\0RKDQHWDO>@ZLWKVOLJKW

PRGLILFDWLRQV5LQVHG8OWUD%LRFKDU VXSSOLHGE\%LRFKDU6XSUHPH(YHUVRQ:$ LV
JURXQGDQGVLHYHGXVLQJDPPPHVKEHIRUHPDJQHWL]DWLRQ0%&FDQEHSUHSDUHG
E\WKHLQVWUXFWRUEHIRUHWKHVWXGHQWH[SHULPHQWRULQFRUSRUDWHGLQWRWKHH[SHULPHQWDVD
WZRZHHNH[HUFLVH2QFHSUHSDUHG0%&FDQEHVWRUHGLQDFORVHGFRQWDLQHUDQGXVHGIRU
PXOWLSOHODEVHFWLRQV6WDQGDUGVROXWLRQVRIDQGSSPDUHSUHSDUHGE\
VWXGHQWVXVLQJDSSPVWRFNVROXWLRQWKDWFRQWDLQVERWK6$DQG1$)XOOLQVWUXFWLRQDO
GHWDLOVIRUWKHH[SHULPHQWSURYLGHGLQWKH$SSHQGL[&





'DWDDQDO\VLVDQGUHVXOWV
$FFRUGLQJWR%HHU¶VODZWKHFRQFHQWUDWLRQRIFRQWDPLQDQWVLVSURSRUWLRQDOWRWKH

DEVRUEDQFHRIWKHVDPSOH)LJXUHVKRZVWKH899LVVSHFWUDIURPQPIRUWKH
WZRDQDO\WHV6DOLF\OLFDFLGDQGQLWURDQLOLQHVKRZPD[LPXPDEVRUEDQFHDWQP
QPUHVSHFWLYHO\DQGFDQEHFRPELQHGLQWRDVLQJOHVWRFNVROXWLRQ7KHFRPELQHGVDPSOH
LQWURGXFHGHUURULQWRWKH899LVDEVRUEDQFHEXWZHIRXQGVWXGHQWVZHUHDEOHWR
DFFXUDWHO\GHWHUPLQHFRQFHQWUDWLRQVRIERWKDQDO\WHVZLWKOHVVWKDQHUURU




899LVVSHFWUXPRI1LWURDQLOLQH SSP 6DOLF\OLFDFLG SSP DQG
PL[WXUHRI6DOLF\OLFDFLG1LWURDQLOLQH SSP LQGLVWLOOHGZDWHU






/LQHDUFDOLEUDWLRQFXUYHVRIWKHVWDQGDUGVROXWLRQV

7KHDEVRUEDQFHRIHDFKRIWKHVWDQGDUGVROXWLRQVLVPHDVXUHGDQGSORWWHGYHUVXV
WKHLUFRQFHQWUDWLRQUHVXOWLQJLQWZROLQHDUFDOLEUDWLRQFXUYHV )LJXUH 9DU\LQJ
PDVVHVRI0%&DUHWKHQDGGHGWRJODVVYLDOVFRQWDLQLQJP/RIWKHVWDQGDUG6$
1$ SSP VROXWLRQDQGYRUWH[HGIRUPLQXWHVWRDOORZRUJDQLFFRPSRXQG0%&
LQWHUDFWLRQ$PDJQHWLVWKHQLQVHUWHGLQWRHDFKVROXWLRQWRUHPRYHDOOWKH0%&DQGWKH
DWWDFKHGDQDO\WHV)LJXUHVKRZVWKHYLDOVDIWHU0%&FOHDUDQFHXVLQJWKHPDJQHW
$EVRUEDQFHRIHDFKSXULILHGVROXWLRQLVPHDVXUHG )LJXUH DQGWKHFRQFHQWUDWLRQRI
HDFKDQDO\WHGHWHUPLQHGXVLQJWKHHTXDWLRQJHQHUDWHGE\WKHFDOLEUDWLRQFXUYH
7KHSHUFHQWDJHDQDO\WHUHPRYHGE\0%&IURPHDFKVDPSOHLVGHWHUPLQHGXVLQJ
WKHIROORZLQJHTXDWLRQ
ሻ
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7\SLFDOUHVXOWVDUHVKRZQLQ)LJXUHDQGWKHDPRXQWRIDQDO\WHUHPRYHGSHUJUDPRI
0%& DGVRUSWLRQHIILFLHQF\TH LVFDOFXODWHGXVLQJ
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:KHUH
&R ±,QLWLDODQDO\WHFRQFHQWUDWLRQ PJ/ 
&H±(TXLOLEULXPDQDO\WHFRQFHQWUDWLRQ PJ/ 
9±6ROXWLRQYROXPH / 
0±0DVVRI0%&DGGHG J 
TH±$GVRUSWLRQHIILFLHQF\DGVRUEDWHDGVRUEHQW PJJ 
7KHDGVRUSWLRQHIILFLHQF\XVLQJJRI0%&ZDVGHWHUPLQHGE\VWXGHQWVRQ
DYHUDJHWREHPJJ0%&IRU6$DQGPJJ0%&IRU1$6WXGHQWVXVHWKH
FDOFXODWHGDGVRUSWLRQHIILFLHQF\WRLGHQWLI\LGHDO0%&UDWLRVIRUZDVWHZDWHUUHPHGLDWLRQ




6ROXWLRQVVKRZLQJDGVRUSWLRQRI6$DQG1$ SSPHDFK XVLQJ
GLIIHUHQWPDVVHVRI0%&

0%&PDVVHVDUH$ % & ' ( DQG) J






899LVVSHFWUXPRIUHVXOWLQJVROXWLRQV




+D]DUGV
6WXGHQWVVKRXOGZHDUJRJJOHVDQGJORYHVWKURXJKRXWWKHH[SHULPHQWDQGSUHYHQW

VNLQFRQWDFWZLWKDOOFKHPLFDOV$OOWKHOLTXLGFKHPLFDOZDVWHPXVWEHGLVSRVHGLQD
KD]DUGRXVZDVWHFRQWDLQHUODEHOOHGDVKD]DUGRXVDTXHRXVZDVWH6ROLGZDVWH 0%& PXVW
EHGLVSRVHGLQDZDVWHFRQWDLQHUODEHOOHGDVVROLGZDVWHRUUHJHQHUDWHGDFFRUGLQJWR
SURYLGHGLQVWUXFWLRQV








5HPRYDOYVPDVVRI0%&IRU6$DQG1$

6WXGHQWOHDUQLQJREMHFWLYHVDQGRXWFRPHV
7KLVXSSHUGLYLVLRQXQGHUJUDGXDWHH[SHULPHQWZDVSHUIRUPHGZLWKWZRGLIIHUHQW

JURXSVRIXSSHUGLYLVLRQDQDO\WLFDOXQGHUJUDGXDWHVWXGHQWV VWXGHQWVLQWRWDO LQDQ
LQVWUXPHQWDWLRQDQDO\VLVFRXUVHDQGDOVRSHUIRUPHGZLWKPLGGOHDQGKLJKVFKRROWHDFKHUV
WHDFKHUVWRWDO GXULQJWZRVXPPHUWUDLQLQJZRUNVKRSV7KHOHDUQLQJREMHFWLYHVIRU
WKLVH[SHULPHQWDUHWZRIROG  LQWURGXFH%HHU¶VODZDQGWKHXVHRI899LV
VSHFWURVFRS\WRDQDO\WLFDOVWXGHQWVDQG  LQWURGXFHWKHFRQWH[WRIZDWHUSXULILFDWLRQDQG
ZDWHUTXDOLW\FRQFHUQVWRXQGHUJUDGXDWHV7KHVWXGHQWVH[SRVHGWRWKLVXQGHUJUDGXDWH
H[SHULPHQWZHUHFRQFXUUHQWO\UHJLVWHUHGLQDQDQDO\WLFDOFKHPLVWU\OHFWXUHFRXUVH2I
WKRVHWHVWHGVWXGHQWVSHUIRUPLQJWKLVH[SHULPHQWVFRUHGDJUDGHRIWKSHUFHQWLOHRU
EHWWHURQH[DPTXHVWLRQVUHODWHGWR899LVVSHFWURVFRS\  DQG%HHU¶V/DZ  
:DWHUSXULILFDWLRQDQGZDWHUTXDOLW\ZHUHQRWWHVWHGLQWKHDQDO\WLFDOFRXUVHEXW
VWXGHQWLQWHUHVWLQWKHVHLVVXHVKDVLQFUHDVHGDIWHUWKHH[SHULPHQWZDVLQWURGXFHGLQ
DQDO\WLFDOODE068VWXGHQWVLQYROYHGZLWKWKLVH[SHULPHQWKDYHVXEVHTXHQWO\HQUROOHG



LQDQXSSHUGLYLVLRQ(QYLURQPHQWDO&KHPLVWU\FRXUVHIRXQGHGD6RLODQG:DWHU
&RQVHUYDWLRQ6RFLHW\RQFDPSXVDQGKDYHIRUPHGDJURXSWRFRPSHWHLQWKH&DPSXV
:DWHU0DWWHUV&KDOOHQJHKRVWHGE\WKH6RXWK(DVWHUQ&RQIHUHQFH7KHVWXGHQWOHDGHUVDW
068KDYHFKRVHQWRSURPRWHDELRFKDUVROXWLRQWRDLGLQWKHUHPRYDORIIHUWLOL]HUVIURP
VWRUPZDWHUUXQRIIEHIRUHWKHFRQWDPLQDWHGZDWHUFDQUHDFKRXUQDWXUDOZDWHUZD\V7KLV
LVDGLUHFWH[SDQVLRQRIWKHH[SHULPHQWGHVFULEHGLQWKLVPDQXVFULSW


2YHUDOOFRQFOXVLRQVRIWKHGLVVHUWDWLRQ
0DJQHWLF'RXJODVILUELRFKDUZDVVXFFHVVIXOO\SUHSDUHGE\PDJQHWLWH )H2 

SUHFLSLWDWLRQRQWRWKHELRFKDU¶VVXUIDFHIURPDQDTXHRXV)H)HVROXWLRQXSRQ1D2+
WUHDWPHQW%RWKPDJQHWLFDQGQRQPDJQHWLFELRFKDUZHUHFKDUDFWHUL]HGXVLQJ6(06(0
(';7(03=&;36;5'HOHPHQWDODQDO\VLVDQGVXUIDFHDUHDPHDVXUHPHQWV7KH
VXUIDFHDUHDVRI'RXJODVILUELRFKDUDQGPDJQHWLF'RXJODVILUELRFKDUDUHUHPDUNDEO\
KLJK DQGPJUHVSHFWLYHO\ IRUIDVWS\URO\VLVELRFKDUV7KH'RXJODVILU
ELRFKDUVKDGKLJKHUSRUHYROXPHVDQGSRUHVL]HVZKHQFRPSDUHGWRWZRFRPPHUFLDO
DYDLODEOHDQGWZRLQKRXVHELRFKDUV
0DJQHWLFDQGQRQPDJQHWLF'RXJODVILUELRFKDUVZHUHXVHGWRVXFFHVVIXOO\DGVRUE
VDOLF\OLFDFLGQLWURDQLOLQHEHQ]RLFDFLGDQGSKWKDOLFDFLGIURPDTXHRXVVROXWLRQV%RWK
PDJQHWLFDQGQRQPDJQHWLF'RXJODVILUELRFKDUVHTXLOLEULDZLWKDOOIRXUDGVRUEDWHVZHUH
UHDFKHGZLWKLQPLQ$GVRUSWLRQIRUDOOWKHDQDO\WHVZHUHIDYRUHGDWORZS+0DJQHWLF
'RXJODVILUELRFKDUKDGKLJKHUDGVRUSWLRQFDSDFLW\WKDQWKHQRQPDJQHWLF'RXJODVILU
ELRFKDUDQGDOORWKHUELRFKDUV &%&0&%&3:%&06*%& DQGDFWLYDWHGFDUERQ
/DQJPXLUDGVRUSWLRQFDSDFLWLHVIRUPDJQHWLFELRFKDUDWS+DQG&IRU1$6$%$
DQG3$ZHUHDQGPJJUHVSHFWLYHO\



$GVRUSWLRQRIOHDGDQGFDGPLXPZHUHIDYRUHGDWKLJKS+YDOXHVIRUERWK'RXJODV
ILUELRFKDUV1RQPDJQHWLF'RXJODVILUELRFKDUKDGDKLJKHUDGVRUSWLRQFDSDFLW\WKDQDOO
WKHRWKHUELRFKDUVH[DPLQHG7KHPD[LPXP/DQJPXLUDGVRUSWLRQFDSDFLWLHVDWS+DQG
&IRUOHDGDQGFDGPLXPZHUHaDQGaPJJIRUQRQPDJQHWLF'RXJODVILUELRFKDU
DQGaDQGaPJJIRUPDJQHWLF'RXJODVILUELRFKDUUHVSHFWLYHO\
2QO\WKHPDJQHWLF'RXJODVILUELRFKDUVXFFHVVIXOO\UHPRYHGSKRVSKDWHIURP
DTXHRXVVROXWLRQ$GVRUSWLRQRISKRVSKDWHZDVIDYRUHGDWORZS+ZLWKDPD[LPXP
/DQJPXLUDGVRUSWLRQFDSDFLWLHVDWS+DQG&RIPJJ0DJQHWLF'RXJODVILU
ELRFKDUZDVDOVRVXFFHVVIXOO\LQWURGXFHGLQWRDQXQGHUJUDGXDWHODERUDWRU\WRH[SRVH
VWXGHQWVWRZDWHUTXDOLW\LVVXHVDQGPHWKRGVRIFRQWDPLQDQWUHPRYDOWRHQKDQFHWKHLU
XQGHUVWDQGLQJRILPSRUWDQWHQYLURQPHQWDOLVVXHV
7KHKLJKXSWDNHUDWHDQGKLJKDGVRUSWLRQFDSDFLW\IHDWXUHVRIWKHQRQPDJQHWLF
'RXJODVILUELRFKDUZRXOGEHVXLWDEOHIRUFRQWLQXRXVFROXPQVZKLOHWKHPDJQHWLF
'RXJODVILUELRFKDUZRXOGEHDGYDQWDJHRXVIRUEDWFKSURFHVVHVZKHUHPDJQHWLFUHPRYDO
ZRXOGDYRLGVORZILOWUDWLRQ


)XWXUHZRUN
7KHUHLVPXFKZRUNWKDWVWLOOQHHGVWREHGRQHRQWKHGHYHORSPHQWRIWKHVH

SURPLVLQJPDWHULDOV


1HZVWXGLHVZLOOIRFXVRQWKHWUHDWPHQWRIFRQWDPLQDWHGZDWHUDW

HQYLURQPHQWDOO\UHOHYDQWFRQFHQWUDWLRQV


%HIRUHFRPPHUFLDOYLDELOLW\FDQEHHVWDEOLVKHGWKHVHPDWHULDOVDOVRQHHG

WRHYDOXDWHGLQVROXWLRQVZLWKUHOHYDQWPDWUL[FKHPLFDOV






)XWXUHZRUNZLOOIRFXVRQWKHGHYHORSPHQWRIVSHFLDOW\PRGLILHGELRFKDU

DGVRUEHQWVWKDWVSHFLILFDOO\WDUJHWFRQWDPLQDQWVRIFRQFHUQ


7KHVHPDWHULDOVDOVRKDYHSRWHQWLDOLQWKHDPHQGPHQWRIVRLOVGHSOHWHG

IURP\HDUVRILQWHQVLYHIDUPLQJWKXVJUHHQKRXVHVWXGLHVDUHFXUUHQWO\XQGHUZD\







5HIHUHQFHV

>@0(VVDQGRK%.XQZDU&83LWWPDQ-U'0RKDQ70OVQD6RUSWLYHUHPRYDORI
VDOLF\OLFDFLGDQGLEXSURIHQIURPDTXHRXVVROXWLRQVXVLQJSLQHZRRGIDVW
S\URO\VLVELRFKDU&KHPLFDOHQJLQHHULQJMRXUQDO  
>@65DMSXW&83LWWPDQ-U'0RKDQ0DJQHWLFPDJQHWLWH )H 2 QDQRSDUWLFOH
V\QWKHVLVDQGDSSOLFDWLRQVIRUOHDG 3E DQGFKURPLXP &U UHPRYDOIURP
ZDWHU-RXUQDORI&ROORLGDQG,QWHUIDFH6FLHQFH  
>@*&7UHPEOD\,$4XUHVKL7KHELRFKHPLVWU\DQGWR[LFRORJ\RIEHQ]RLFDFLG
PHWDEROLVPDQGLWVUHODWLRQVKLSWRWKHHOLPLQDWLRQRIZDVWHQLWURJHQ
3KDUPDFRORJ\ 7KHUDSHXWLFV  
>@6:'KDZDOH,QWURGXFLQJWKHWUHDWPHQWRIZDVWHDQGZDVWHZDWHULQWKHJHQHUDO
FKHPLVWU\FRXUVH$SSO\LQJSK\VLFDODQGFKHPLFDOSULQFLSOHVWRWKHSUREOHPVRI
ZDVWHPDQDJHPHQW-RXUQDORI&KHPLFDO(GXFDWLRQ  
>@/-XKO.<HDUVOH\$-6LOYD,QWHUGLVFLSOLQDU\SURMHFWEDVHGOHDUQLQJWKURXJKDQ
HQYLURQPHQWDOZDWHUTXDOLW\VWXG\-RXUQDORI&KHPLFDO(GXFDWLRQ  

>@'0DQGOHU5%ORQGHU0<D\RQ50DPORN1DDPDQ$+RIVWHLQ'HYHORSLQJ
DQG,PSOHPHQWLQJ,QTXLU\%DVHG:DWHU4XDOLW\/DERUDWRU\([SHULPHQWVIRU
+LJK6FKRRO6WXGHQWV7R([SORUH5HDO(QYLURQPHQWDO,VVXHV8VLQJ$QDO\WLFDO
&KHPLVWU\-RXUQDORI&KHPLFDO(GXFDWLRQ  
>@%1HHO&&DUGRVR'3HUUHW(%DNNHU$0LQLDWXUH:DVWHZDWHU&OHDQLQJ3ODQWWR
'HPRQVWUDWH3ULPDU\7UHDWPHQWLQWKH&ODVVURRP-RXUQDORI&KHPLFDO(GXFDWLRQ
  
>@(.-DFREVHQ-&(UHVRXUFHVIRUFKHPLVWU\DQGZDWHU$QXSGDWHIRUWKH,QWHUQDWLRQDO
<HDURI&KHPLVWU\-RXUQDORI&KHPLFDO(GXFDWLRQ  
>@$.KDOLG0$UVKDG'(&URZOH\%LRGHJUDGDWLRQSRWHQWLDORISXUHDQGPL[HG
EDFWHULDOFXOWXUHVIRUUHPRYDORIQLWURDQLOLQHIURPWH[WLOHG\HZDVWHZDWHU:DWHU
5HVHDUFK  
>@0&7RPEV-RKQ&&ULWWHQGHQ55KRGHV7UXVVHOO'DYLG:+DQG.HUU\-
+RZH*HRUJH7FKREDQRJORXV0:+:DWHU7UHDWPHQW3ULQFLSOHVDQG'HVLJQ
7KLUG(GLWLRQ&KURPDWRJUDSKLD  
>@5:LMD\DSDOD$*.DUXQDQD\DNH'3URFWRU)<X&83LWWPDQ7(0OVQD
+\GURGHR[\JHQDWLRQ +'2 RI%LRRLO0RGHO&RPSRXQGVZLWK6\QWKHVLV*DV
8VLQJD:DWHU±*DV6KLIW&DWDO\VWZLWKD0R&R.&DWDO\VWLQ:<&KHQ7
6X]XNL0/DFNQHU (GV +DQGERRNRI&OLPDWH&KDQJH0LWLJDWLRQDQG
$GDSWDWLRQ6SULQJHU  



>@'0RKDQ$6DUVZDW9.6LQJK0$OH[DQGUH)UDQFR&83LWWPDQ-U
'HYHORSPHQWRIPDJQHWLFDFWLYDWHGFDUERQIURPDOPRQGVKHOOVIRUWULQLWURSKHQRO
UHPRYDOIURPZDWHU&KHPLFDO(QJLQHHULQJ-RXUQDO  
>@'0RKDQ+.XPDU$6DUVZDW0$OH[DQGUH)UDQFR&83LWWPDQ-U&DGPLXP
DQGOHDGUHPHGLDWLRQXVLQJPDJQHWLFRDNZRRGDQGRDNEDUNIDVWS\URO\VLVELR
FKDUV&KHPLFDO(QJLQHHULQJ-RXUQDO  





6833257,1*,1)250$7,215$3,'5(029$/2)6$/,&</,&$&,'
1,752$1,/,1(%(1=2,&$&,'$1'3+7+$/,&$&,')520
:$67(:$7(586,1*0$*1(7,=(')$673<52/<6,6
%,2&+$5)520:$67('28*/$6),5




3XEOLVKHGLQ&KHP(QJ-'2,MFHM 


)LJXUH$

D 1$FRQWDPLQDWHGZDWHU E 0')%&LQ1$FRQWDPLQDWHGZDWHU F 
,QVHUWHGPDJQHW G 1$DQG0')%&DWWDFKHGWRPDJQHW H 5HPHGLDWHG
ZDWHU

7DEOH$

5DWLRRISURWRQDWHG>%+@WRXQSURWRQDWHG>%@QLWURDQLOHQHDWGLIIHUHQW
S+YDOXHV
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)LJXUH$

6(0LPDJHVRIDGVRUEHQWV

$ &%& % 0&%& & 3:%& ' 06*%&DQG ( $&






)LJXUH$

6(0(';VSHFWUD D ')%&DQG E 0')%& 6DPHIRU&KDSWHU1%&
DQG0%& 











)LJXUH$

7(0LPDJHVRI $ &%& % 0&%& & 3:%& ' 06*%&DQG ( 
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)LJXUH$

;36GLIIUDFWLRQSDWWHUQVRI)HSDQG)HSVSHFWUDRI0')%&


)LJXUH$

7KHSRZGHU;5'VSHFWUXPRI0')%&FRQILUPLQJWKHSUHVHQFHRI
PDJQHWLWH )H2 
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$GVRUSWLRQFDSDFLW\IRU1$UHPRYDO PJJ 
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$GVRUSWLRQFDSDFLW\IRU6$UHPRYDO PJJ 
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$GVRUSWLRQFDSDFLW\IRU%$UHPRYDO PJJ 
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7DEOH$ &RQWLQXHG 
7LPH
PLQ
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$GVRUSWLRQFDSDFLW\IRU3$UHPRYDO PJJ 
0')%& &%&
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)LJXUH$

&RPSDULVRQRIDOOVHYHQDGVRUEHQWVGXULQJDGVRUSWLRQRI1$6$%$
DQG3$DWS+DQG&

D  E  F DQG G VKRZWKHXSWDNHEHWZHHQPLQWRPLQ 6$1$DQG%$
FRQFHQWUDWLRQVZHUHSSP3$FRQFHQWUDWLRQZDVSSPWRWDOYROXPHZDVP/
PDVVRIHDFKDGVRUEHQWXVHGZDVJ 






7DEOH$

6XPPDU\RILVRWKHUPVXVHGWRILWH[SHULPHQWDOGDWD

0RGHO
QDPH
/DQJPXLU

(TXDWLRQ





'HVFULSWLRQ

3DUDPHWHUV

5HI



7KLVLVRWKHUP
DVVXPHVD
KRPRJHQHRXV
VXUIDFHPRQROD\HU
FRYHUDJHDQGQR
LQWHUDFWLRQVRIWKH
DGVRUEDWHZLWK
QHLJKERULQJVLWHV

4 PJJ PRQROD\HU
DGVRUSWLRQFDSDFLW\TH PJJ 
VROXWHDPRXQWDGVRUEHGSHUXQLW
ZHLJKW&H PJ/ VROXWH
HTXLOLEULXPFRQFHQWUDWLRQE
FRQVWDQWUHODWHGWRQHWHQWKDOS\
RIDGVRUSWLRQ

7KLVLVRWKHUPLV
XVHGLQWKHORZWR
LQWHUPHGLDWH
DGVRUEDWH
FRQFHQWUDWLRQ
UDQJH

TH PJJ DGVRUSWLRQFDSDFLW\
&H PJ/ VROXWHHTXLOLEULXP
FRQFHQWUDWLRQ.) PJJ 
FRQVWDQWLQGLFDWLYHRIWKH
UHODWLYHDGVRUSWLRQFDSDFLW\RI
DGVRUEHQW PJJ QDFRQVWDQW
LQGLFDWLYHRIWKHLQWHQVLW\RIWKH
DGVRUSWLRQ

7KLV6LSVLVRWKHUP
ZLOOUHVHPEOH
/DQJPXLUDQG
)UHXQGOLFK
LVRWKHUPVDWKLJK
DQGORZDGVRUEDWH
FRQFHQWUDWLRQV
UHVSHFWLYHO\

TH PJJ VROXWHDPRXQW
DGVRUEHGSHUXQLWZHLJKW&H
PJ/ HTXLOLEULXP
FRQFHQWUDWLRQ./)D/)DQGQ/)
DUHWKH6LSVFRQVWDQWV

7KLVLVRWKHUP
FRQVLVWVRIERWK
/DQJPXLUDQG
)UHXQGOLFK
LVRWKHUPV&DQ
DSSO\IRUERWK
KRPRJHQRXVDQG
KHWHURJHQHRXV
V\VWHPV
7KLVPRGHOLVZHOO
NQRZQWRSUHVXPH
D*DXVVLDQHQHUJ\
GLVWULEXWLRQ

TH PJJ VROXWHDPRXQW
DGVRUEHGSHUXQLWZHLJKW&H
PJ/ HTXLOLEULXP
FRQFHQWUDWLRQ.53D53DQGβ53
DUH5HGOLFK±3HWHUVRQFRQVWDQWV
DQGWKHH[SRQHQWβOLHV
EHWZHHQDQG

>@



)UHXQGOLFK




>@



6LSV




>@



5HGOLFK
3HWHUVRQ





7RWK







TH PJJ DGVRUSWLRQFDSDFLW\
&H PJ/ HTXLOLEULXP
FRQFHQWUDWLRQ.7%7DQGβ7
DUH7RWKFRQVWDQWV

>@

>@


$

5HIHUHQFHV

>@,/DQJPXLU7KHDGVRUSWLRQRIJDVHVRQSODQHVXUIDFHVRIJODVVPLFDDQGSODWLQXP
-RXUQDORIWKH$PHULFDQ&KHPLFDO6RFLHW\  
>@+0))UHXQGOLFK2YHUWKHDGVRUSWLRQLQVROXWLRQ-RXUQDORI3K\VLFDO&KHPLVWU\
 ±
>@56LSV2QWKHVWUXFWXUHRIDFDWDO\VWVXUIDFH-RXUQDORI&KHPLFDO3K\VLFV  

>@25HGOLFK'/3HWHUVRQ$8VHIXO$GVRUSWLRQ,VRWKHUP-RXUQDORI3K\VLFDO
&KHPLVWU\  
>@-7RWK6WDWHHTXDWLRQVRIWKHVROLG±JDVLQWHUIDFHOD\HUV$FWD&KLPLFD$FDGHPLDH
6FLHQWLDUXP+XQJDULFDH  
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7DEOH%

(OHPHQWDOZHLJKWSHUFHQWDJHVIURP6(0(';DQDO\VHVRI1%&DQG0%&
(OHPHQWV
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&DOFLXP
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$OXPLQXP
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3XEOLVKHGLQ-&KHP(GXF   
&

2YHUYLHZ
$FFRUGLQJWRWKH(QYLURQPHQWDO3URWHFWLRQ$JHQF\¶VZHEVLWH³,PSURYLQJWKH

VHFXULW\DQGUHVLOLHQFHRIRXUQDWLRQ VGULQNLQJZDWHUDQGZDVWHZDWHULQIUDVWUXFWXUHLV
YLWDOWRHQVXUHWKHSURYLVLRQRIFOHDQDQGVDIHZDWHUWRDOOLQWKH8QLWHG6WDWHV´>@
$FFHVVWRFOHDQGULQNLQJZDWHUDQGZDWHUVXSSOLHVLVQRZOLVWHGDVWKH³QXPEHURQH
JOREDOULVN´E\WKH:RUOG%DQNDVGHYHORSPHQWDQGSRSXODWLRQGHQVLWLHVLPSDFWFOHDQ
ZDWHUZRUOGZLGH>@&RQWDPLQDQWVWKDWDUHUHJXODWHGDQGPRQLWRUHGLQFOXGH
GLVLQIHFWDQWVPLFURRUJDQLVPVKHDY\PHWDOVVXFKDVOHDGDQGDUVHQLFDQGDYDULHW\RI
LQRUJDQLFDQGRUJDQLFFRPSRXQGVVXFKDVWKRVHHYDOXDWHGLQWKLVODERUDWRU\H[HUFLVH
$VSLULQLVDZLGHO\XVHGRYHUWKHFRXQWHUGUXJDQGLWVPHWDEROLWHVFDQ
FRQWDPLQDWHRXUHQYLURQPHQW'HDFHW\ODWLRQRIDFHW\OVDOLF\OLFDFLG DVSLULQ SURGXFHV
VDOLF\OLFDFLGDVDQDFWLYHPHWDEROLWHWKDWFDQEHIRXQGLQZDVWHZDWHU>@$QRWKHU
KDUPIXORUJDQLFFRPSRXQGWKDWFDQFRQWDPLQDWHZDWHULVQLWURDQLOLQHDV\QWKHWLF
SUHFXUVRUWRSKDUPDFHXWLFDOVG\HVDQGSHVWLFLGHV>@
,QKLJKFRQFHQWUDWLRQVWKHVHSKDUPDFHXWLFDOVFDQEHGHWULPHQWDOWRKXPDQKHDOWK
DVQLWURDQLOLQHLVLPSOLFDWHGDVDFDUFLQRJHQZKLOHVDOLF\OLFDFLGFDQKDYH
[HQRHVWURJHQLFHIIHFWV7KHUHIRUHLWLVLPSHUDWLYHWKDWWKHVHFRQWDPLQDQWVEHUHPRYHG
EHIRUHWUHDWHGZDVWHZDWHULVUHWXUQHGWRWKHHQYLURQPHQW0XQLFLSDOZDVWHZDWHUWUHDWPHQW
IRUSKDUPDFHXWLFDOSURGXFWVFDQEHH[SHQVLYH&XUUHQWWHFKQLTXHVWRWUHDWSKDUPDFHXWLFDO
FRQWDPLQDQWVLQZDWHUDQGZDVWHZDWHULQFOXGHFRDJXODWLRQDQGIORFFXODWLRQPHPEUDQH
SXULILFDWLRQDGYDQFHGR[LGDWLRQSURFHVVHVELRORJLFDOWUHDWPHQWVLRQH[FKDQJH




DGVRUSWLRQWHFKQRORJLHVDQGPDJQHWLFVHSDUDWLRQ>@$FWLYDWHGFDUERQLVWKHPDLQ
PDWHULDOXVHGIRUDGVRUSWLRQDQGUHPRYDORIRUJDQLFVKRZHYHULWLVH[SHQVLYH
%LRFKDULVDORZFRVWDOWHUQDWLYHDGVRUEHQWWRDFWLYDWHGFDUERQIRUZDWHUDQG
ZDVWHZDWHUSXULILFDWLRQDSSOLFDWLRQV,WLVSURGXFHGIURPELRPDVVVXFKDVZRRGOHDYHV
RUPDQXUHZKHQWKHELRPDVVLVKHDWHGLQDFRQWDLQHUZLWKOLWWOHRUQRDYDLODEOHDLU
7KHUPDOSURFHVVLQJZKLFKLQFOXGHVJDVLILFDWLRQDQGS\URO\VLVLVWKHPRVWFRPPRQ
PHWKRGXVHGIRUSURGXFLQJELRFKDU%LRFKDUFRQWDLQVK\GUR[\OFDUER[\OLFDFLGNHWRQH
DQGHWKHUIXQFWLRQDOJURXSVZKLFKFDQIRUPK\GURJHQERQGVZLWKRUJDQLFFRQWDPLQDQWV
DQGIDFLOLWDWHWKHLUUHPRYDO>@
:KHQELRFKDULVPDJQHWL]HGLWFDQDGVRUERUJDQLFFRQWDPLQDQWVIURPVROXWLRQ
DQGLVWKHQUHPRYHGYLDPDJQHW0DJQHWLFELRFKDU 0%& FDQEHSUHSDUHGE\PL[LQJ
ELRFKDUZLWKDQDTXHRXV)H)HVXVSHQVLRQIROORZHGE\WUHDWPHQWZLWK1D2+>@
:KHQDORZFRVWDGVRUEHQWOLNHELRFKDULVPDJQHWL]HGLWFDQEHXVHGDVSDUWRIDIDVWDQG
HDV\HQYLURQPHQWDOO\IULHQGO\ILOWUDWLRQPHWKRG,QH[SHQVLYHUHDGLO\DYDLODEOHZDVWH
ZDWHUWUHDWPHQWFDQDLGLQRYHUFRPLQJZDWHUTXDOLW\SUREOHPVSDUWLFXODUO\SUHYDOHQWLQ
GHYHORSLQJQDWLRQVZRUOGZLGH
,QWKLVH[SHULPHQWPDJQHWLFELRFKDU 0%& LVXVHGWRDGVRUEVDOLF\OLFDFLGDQG
QLWURDQLOLQHIURPDTXHRXVVROXWLRQVZLWKFDOFXODWLRQVWRGHWHUPLQHWKHDEVRUSWLRQ
HIILFLHQF\RI0%&IRUHDFKDQDO\WH6WDQGDUGFDOLEUDWLRQFXUYHVIRUERWKVDOLF\OLFDFLG
DQGQLWURDQLOLQHDUHXVHGWRTXDQWLI\VDPSOHVYLD899LVVSHFWURSKRWRPHWU\%HHU¶V
/DZFDOFXODWLRQVDUHXWLOL]HGWRGHWHUPLQHWKHHIIHFWLYHQHVVRI0%&LQUHPRYLQJ
SKDUPDFHXWLFDODQDO\WHVIURPDTXHRXVVROXWLRQ7KHSHUFHQWRIDQDO\WHUHPRYHGE\0%&
IURPHDFKVDPSOHFDQEHFDOFXODWHGXVLQJWKHIROORZLQJHTXDWLRQ



ሻ
Ψ ൌ  ሺిబిషి
ͳͲͲ
బ



&

$QGWKHDPRXQWRIDQDO\WHUHPRYHGSHUJUDPRI0%& DEVRUSWLRQHIILFLHQF\TH XVLQJ
ୣ ൌ  ሺిబషిሻ



&

:KHUH
&R±,QLWLDODQDO\WHFRQFHQWUDWLRQ PJ/ 
&H±(TXLOLEULXPDQDO\WHFRQFHQWUDWLRQ PJ/ 
9±6ROXWLRQYROXPH / 
0±0DVVRI0%&DGGHG J 
TH±$EVRUSWLRQHIILFLHQF\DEVRUEDWHDEVRUEHQW PJJ 
7KHDEVRUSWLRQHIILFLHQF\LVWKHQXVHGWRLGHQWLI\LGHDO0%&UDWLRVXVHGLQ
ZDVWHZDWHUUHPHGLDWLRQ
&

5HDJHQWV



0DJQHWLFELRFKDU 0%& 



6ROXWLRQFRQWDLQLQJERWKSSPVDOLF\OLFDFLG 6$ DQGSSP
QLWURDQLOLQH 1$ LQGLVWLOOHGZDWHU

&

3URFHGXUH


&DOLEUDWLRQVWDQGDUGV3UHSDUHP/RIWKHVWDQGDUGVOLVWHGEHORZXVLQJ
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&DOFXODWLRQV


*UDSKDFDOLEUDWLRQFXUYHRIDEVRUEDQFHDWQPYHUVXVFRQFHQWUDWLRQRI
6$ SSP IRUWKHVWDQGDUGVHULHV XVLQJ3URFHGXUHVWHSGDWD 5HSHDWWKH
VDPHSURFHGXUHIRU1$ QP 7KHJUDSKIRUHDFKDQDO\WHVKRXOGJR
WKURXJK7KHOHDVWVTXDUHVVORSHRIWKHJUDSKLVWKHH[WLQFWLRQFRHIILFLHQW
߳ DWWKHPHQWLRQHGZDYHOHQJWK5HFRUGWKHH[WLQFWLRQFRHIILFLHQWIRU
ERWK6$DQG1$ %HHU¶V/DZ ൌ Ԗ 



8VLQJ%HHU¶V/DZGHWHUPLQHWKHFRQFHQWUDWLRQRI6$DQG1$UHPDLQLQJ
& H IURPHDFKSSPVROXWLRQ &R WKDWXQGHUZHQWFOHDQLQJZLWK
GLIIHUHQWPDVVHVRI0%&XVLQJGDWDFROOHFWHGLQ3URFHGXUHVWHS
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6$DQG1$7KHWZRFXUYHVVKRXOGILWRQWKHVDPHJUDSK
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8VLQJPHDVXUHPHQWVIURPWKHJ0%&VDPSOHGHWHUPLQHWKH
DPRXQWRIDGVRUEDWHUHPRYHGSHUJUDPRIDGVRUEHQW TH XVLQJ(TQ
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7KHUHPRYDORISKDUPDFHXWLFDOVVXFKDV6$DQG1$LVLPSRUWDQWIRU
ZDWHUWUHDWPHQWIDFLOLWLHV([SODLQKRZWKHPDJQHWL]HGELRFKDUPLJKWKDYH
DGYDQWDJHVRYHUFRQYHQWLRQDOILOWUDWLRQWHFKQLTXHVLQUHPRYLQJRUJDQLF
FRQWDPLQDQWV



:KDWDUHWKHSRVVLEOHVRXUFHVRIHUURUVDVVRFLDWHGZLWKWKLVH[SHULPHQW"






&

5HIHUHQFHV

>@8QLWHG6WDWHV(QYLURQPHQWDO3URWHFWLRQ$JHQF\KWWSZZZHSDJRYZDWHUUHVLOLHQFH
DFFHVVHG 
>@7KHZRUOGEDQNKWWSZZZZRUOGEDQNRUJHQWRSLFZDWHURYHUYLHZ DFFHVVHG
 
>@0(VVDQGRK%.XQZDU&83LWWPDQ-U'0RKDQ70OVQD6RUSWLYHUHPRYDO
RIVDOLF\OLFDFLGDQGLEXSURIHQIURPDTXHRXVVROXWLRQVXVLQJSLQHZRRGIDVW
S\URO\VLVELRFKDU&KHPLFDOHQJLQHHULQJMRXUQDO  
>@$.KDOLG0$UVKDG'(&URZOH\%LRGHJUDGDWLRQSRWHQWLDORISXUHDQGPL[HG
EDFWHULDOFXOWXUHVIRUUHPRYDORIQLWURDQLOLQHIURPWH[WLOHG\HZDVWHZDWHU:DWHU
5HVHDUFK  
>@0&7RPEV-RKQ&&ULWWHQGHQ55KRGHV7UXVVHOO'DYLG:+DQG.HUU\-
+RZH*HRUJH7FKREDQRJORXV0:+:DWHU7UHDWPHQW3ULQFLSOHVDQG'HVLJQ
7KLUG(GLWLRQ&KURPDWRJUDSKLD  
>@'0RKDQ$6DUVZDW9.6LQJK0$OH[DQGUH)UDQFR&83LWWPDQ-U
'HYHORSPHQWRIPDJQHWLFDFWLYDWHGFDUERQIURPDOPRQGVKHOOVIRUWULQLWURSKHQRO
UHPRYDOIURPZDWHU&KHPLFDOHQJLQHHULQJMRXUQDO  











